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WELCOME 
 
Dear Colleague: 
 
It is our pleasure to extend a warm welcome to you to the 8th Applied Diamond Conference/ 
NanoCarbon 2005 Joint Conference. The ADC again brings together 250 of the leading 
researchers in industry, academia, and government laboratories from around the world, to 
discuss the latest advances in the fundamental and applied science of diamond and nanocarbon 
materials, as well as highlight products being developed by several companies in the United 
States, Japan, and Europe. In particular, the latest advances in the emerging area of 
nanocarbons, which combine different allotropes of carbon at the nanoscale into new materials 
with unique properties, is also well represented.  
 
These are exciting times for the carbon and related materials community. No other area of 
materials research combines the excitement of major breakthroughs in fundamental research with 
the immediate promise of seeing those breakthroughs lead to new devices and products that 
have both high societal impact and high commercial potential. The elevated level of interest, the 
pace of new discoveries, and the number of new start-up companies founded in recent years 
makes having a conference of equal excitement and scope a necessity, so that our community 
continues to strive and flourish. 
 
The program includes 18 invited contributions, 62 oral contributions, and 125 posters, covering 
topics ranging from diamond-based quantum computers, MEMS, functionalized carbon materials, 
nanotube electronics, hybrid nanocarbons, and the large-scale production of synthetic gems. 
Several presentations will also discuss the challenges of developing viable business models to 
further develop the fruits of basic and applied research into real technologies and products. 
 
There’s no city like Chicago, Illinois. Dubbed the “Capital of the Midwest,” it’s the birthplace of 
jazz and skyscrapers, home to more than 8 million. It’s also home to many leading research 
universities and government laboratories, including Argonne National Laboratory. It is poised to 
become a major center for high-technology start-ups born of technologies developed at these 
institutions. Over the past several years, three R&D 100 awards have been award to local 
Chicago researchers for breakthrough carbon technologies. 
 
The timing could not be better to have Argonne National Laboratory host this exciting conference. 
Argonne is a one of several national laboratories charged by the U.S. Department of Energy to 
conduct basic and applied research in physics, chemistry, materials science, and other fields. It 
has also been chosen to be the site of one of the major Nanoscience Research Centers, the 
Center for Nanoscale Materials (CNM), which will begin operations in 2006. Nanocarbon is one of 
six initial scientific themes upon which the CNM is founded. 
 
We hope you enjoy your stay and we thank all of you for your valuable contributions! 
 
Best Regards, 

 
John A. Carlisle 
Conference Chair 
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SPONSORS 
Argonne National Laboratory 

 Center for Nanoscale Materials  
 Advanced Photon Source  
 Materials Science Division 

 
U.S. Department of Energy 

 Office of Basic Energy Sciences 
 Office of Science 

 
Defense Advanced Research Projects Agency (DARPA) 
 
Naval Research Laboratory 
 
IEEE 
 
MRS Materials Research Society 
 
Elsevier Science 
 
Advanced Diamond Technologies, Inc. 
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EXHIBITORS 
 
Fraunhofer/MSU Center for Coatings and Laser Applications 
East Lansing, MI 
http://www.ccl.fraunhofer.org/ 
 
Fraunhofer Center for Coatings and Laser Applications in partnership with Michigan State 
University is a nonprofit organization that provides innovative research and development services 
to industry and government. The Coating Technology Division specializes in plasma-assisted 
technologies including CVD diamond coating and synthesis, PVD amorphous carbon, and 
diamond-like-carbon coating. This technology can be applied to a wide variety of markets 
including automotive, aerospace, electronics, optical applications, MEMS, and biomedical 
applications. 
 
HeatWave Labs, Inc. 
Watsonville, CA  
http://www.cathode.com/ 
 
HeatWave Labs specializes in the vacuum tube and vacuum equipment industries. Our expertise 
includes thermionic cathodes and ion emitters and guns, ion sources and ionizers, ion pumps and 
controllers, vacuum tube design, processing, specialized refractory materials, UHV sample 
heating and filament products, temperature controllers, and related products. 
 
iplas innovative plasma systems gmbh 
Troisdorf, Germany 
http://www.cyrannus.com/ 
 
CYRANNUS plasma sources produce a homogeneous, stable microwave-excited plasma at 
vacuum to atmospheric pressure with arbitrary gases. They are appropriate for various surface 
processes such as etching, activation, deposition (especially diamond), and plasma chemistry. 
The sources are available in sizes from 2.7 to 16 inches. iplas and Argonne National Laboratory 
won a 2003 R&D 100 Award for their CYRANNUS-based UNCD applications.  
 
Lambda Technologies, Inc. 
Morrisville, NC  
http://www.microcure.com/ 
 
Lambda Technologies is a leading supplier of advanced microwave technology, offering unique 
microwave solutions for a broad range of applications. Lambda’s MicroCure® Variable Frequency 
Microwave products are used worldwide in the semiconductor industry for the cure of polymer 
coatings, encapsulants, and other advanced thermal processes. Lambda has recently acquired 
the rights for the Plasma Disc Reactor and tunable microwave technology developed at Michigan 
State University (MSU), together with all associated process patents, which include proven 
processes, reactor, and system designs for CVD diamond and diamond-like carbon. Lambda is 
packaging the MSU diamond process technology, originally commercialized by Wavemat, Inc., 
with state-of-the-art controls that take advantage of the design's efficient controlled plasma 
generation and incorporate all the latest configurations optimized by ongoing research at MSU. 
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Renishaw 
Hoffman Estates, IL 60192 
http://www.renishaw.com 
 
Renishaw Raman microscopes provide chemical information confocally at submicron spatial 
resolution with auto-alignment, internal calibration, and performance validation. Renishaw Raman 
spectrometers are configurable to include multiple excitation sources from the ultraviolet through 
near-infrared with automated laser switching and alignment, quick-launch fiber-optic probes, 
AFM/NSOM/Raman, SEM-Raman, hot and cold cells, macrosampling, global Raman imaging, 
near excitation analysis, two- and three-dimensional, mapping and depth profiling. 
 
Seki Technotron USA 
Sunnyvale, CA  
http://www.sekicvdsolutions.com/ 
 
Seki Technotron is the leading manufacturer of microwave CVD systems for diamond, carbon 
nanotubes, and advanced material R&D and production. We are also the worldwide distributor for 
sp3 Diamond Technologies, a manufacturer of hot-filament CVD systems for diamond coating of 
wafers, tools, and other substrates. Both the microwave and hot-filament CVD technologies have 
a wide range of R&D and production applications depending on desired substrate size, growth 
rate, and type of diamond film or carbon nanotube growth required. The microwave CVD systems 
were originally developed by ASTeX and are offered in several models with a wide range of 
substrate area from 100 to 300 mm, and power levels from 1.5 to 60 kW, which can be selected 
for growth rate and process desired. The sp3 Diamond Technologies hot-filament CVD system is 
designed for wide-area deposition and deposits very uniform films, for example, over a single 
300-mm wafer. It can batch process mixed substrate sizes over a 300-mm-square area. Seki 
works closely with its customers to help select the optimum system using microwave or hot 
filament CVD technology best suited for the intended R&D or production use. 
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FEATURED BANQUET SPEAKER 

Smithsonian Diamonds: Science and Lore 

The speaker at the banquet will be Dr. Jeffrey Post, Curator-in-Charge, 
Mineral Collection, at the Smithsonian Institution. His recent research 
interest has been the study of mineral structures and behaviors, with a focus 
on environmentally significant minerals.  
 
The National Gem and Mineral Collection at the Smithsonian Institution is 
well known as the home of the Hope Diamond. This great blue diamond, 
weighing 45.52 carats, was found in India and became part of the French 
Crown Jewels until it was stolen in 1792. But the National Collection also 
has several other notable diamonds, including the Blue Heart, Portuguese, and Victoria Transvaal 
Diamonds, and historic diamond jewelry pieces, such as the Napoleon Necklace and Inquisition 
Necklace. This talk will explore the science and lore associated with these famous diamonds, 
including some recent research on the Hope Diamond and also provide an overview of the many 
other diamonds in the National Collection. 
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PROGRAM 
SUNDAY, MAY 15, 2005 

1:00-
4:00  Nanocarbon Workshop 

5:00-
7:00 Registration and Welcome Reception  

MONDAY, MAY 16, 2005 

Session 1: Application/Devices: General 
Chair: John A. Carlisle, Argonne National Laboratory 

8:00  Welcome, John A. Carlisle, Argonne National Laboratory  

8:15  VLSI Quantum Computer in Diamond, Phil Hemmer, Texas A&M University (invited) 

8:45  Carbon Nanotube Electronics, Y-Ming Lin (IBM Watson Laboratory) (invited)  

9:15  CVD Diamond Coating of Interior Surfaces, L. Schäfer, M. Höfer, T. Hollstein, B. Blug, M. 
Herrmann, and T. Huhns (Fraunhofer Alliance Diamond-Coated Ceramics, Germany)  

9:30  Electrical Methods for Creating and Characterizing Biomolecular Arrays for DNA 
Hybridization and Antibody Detection at Diamond Surfaces, W. Wang, B. Sun, S. Baker, 
K-Y Tse, and R.J. Hamers (University of Wisconsin-Madison); J.E. Butler and J.N. 
Russell, Jr. (Naval Research Laboratory)  

9:45  Diamond Electrodes for Neurodynamic Studies in Aplysia californica, J.M. Halpern, S. 
Xie, G.P. Sutton, B.T. Higashikubo, C.A. Chestek, H.J. Chiel, and H.B. Martin (Case 
Western Reserve University)  

10:00  Break 

Session 2: Defects and Doping 
Chair: Robert Nemanich 

10:30  Spectroscopic Studies of Hydrogen Complexes in Diamond, M. Newton, R.J. Cruddace 
(University of Warwick); H.E. Smith (University of Oxford); Martineau and S.J. Quinn 
(DTC Research Centre); D.J. Twitchen (Element Six Ltd.) (invited) 

11:00  

Optical and Structural Properties of Amorphous Carbon Thin Films Deposited by 
Microwave Surface-Wave Plasma CVD, S. Adhikari, S. Adhikary, M. Omer, H. Uchida, 
and M. Umeno (Chubu University, Japan); M. Rusop and T. Sogar (Nagoya Institute of 
Technology, Japan)  

11:15  Inelastic Neutron Scattering Study of Carbon Nanomaterials, A.I. Kolesnikov and C.K. 
Loong (Argonne National Laboratory); A.P. Moravsky and R.O. Loutfy (NER 
Corporation))  

11:30  Boron-Doped Nanocrystalline Diamond Films, O.A. Williams, M. Daenen, J. D'Haen, M. 
Nesladek, and M. D'Olieslager (Limburgs Universitair Centrum, Belgium)  

11:45  Photoconductivity and Ambipolar Diffusion Length of Minority Carriers in S-Doped 
Microcrystalline and Nanocrystalline Diamond, F. Piazza, O. Resto, G. Nery, L. Fonseca, 
and G. Morell, University of Puerto Rico  
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12:00  Lunch 

Session 3: Application/Devices: MEMS 
Chair: Erhard Kohn, University of Ulm 

1:00  Vibrating RF MEMS in Diamond Structural Material, C. Nguyen (University of Michigan) 
(invited) 

1:30  Nanocrystalline Diamond Films for Surface Acoustic Wave Devices, F. Benedic and F. 
SIlva (Laboratoire d'Ingenierie des Materiaux et des Hautes Pressions, France); P. 
Elmazria, M.B. Assouar, and M. El Hakiki (Laboratoire de Physique des Milieux Ionises 
et Applications, France  

1:45  Fracturing Templated Carbon Nanotubes with a MEMS Testing Stage, S. Lu, W. Ding, 
and R.S. Ruoff, Northwestern University  

2:00  Materials Science and Processing Strategies for Integration of Piezoelectric and 
Ultrananocrystalline Diamond (UNCD) Thin Films for Piezoactuated Hybrid MEMS, O. 
Auciello, W. Fan. G. Bai, and J.A. Carlisle (Argonne National Laboratory)  

2:15  Carbon-Nanotube-Based NEMS and Modeling, C. Ke and H.D. Espinosa, Northwestern 
University  

2:30  Fabrication and Test of Poly-Crystalline Diamond Piezoresistive Position Sensors for 
Cochlear Implant Probe, Y. Tang and D.M. Aslam (Michigan State University); J. Wang 
and K.D. Wise (University of Michigan)  

2:45  Break 

Session 4: Mechanical, Tribology, and Protective Applications 
Chair: Dieter M. Gruen, Argonne National Laboratory 

3:00  Is There Another Way to Make/Grow Diamond?, Rodney Ruoff (Northwestern University) 
(invited)  

3:30  Controlling the Nanotribology of Nanostructured Diamond Films, R.W. Carpick, D.S. 
Grierson, A.V. Sumant, E.E. Flater, G. Ning, K. Sridharan (University of Wisconsin, 
Madison); T.A. Friedmann and J.P. Sullivan (Sandia National Laboratories); J.E. Gerbi, 
J. Birrell, X. Xiao, O. Auciello, and J.A. Carlisle (Argonne National Laboratory) (invited) 

4:00  Nanotribology of Self-Mated Nanocrystalline and Amorphous Carbon Interfaces, D.S. 
Grierson, A.V. Sumant, K. Sridharan, E.E. Flater, and R.W. Carpick (University of 
Wisconsin-Madison); J.E. Gerbi (University of Illinois at Urbana-Champaign); J. Birrell 
(Advanced Diamond Technologies); O. Auciello and J.A. Carlisle (Argonne National 
Laboratory); T.A. Friedmann and J.P. Sullivan (Sandia National Laboratories)  

4:15  Fracture Strength of Multiwall Carbon Nanotubes, W. Ding, L. Calabri, X. Chen, K. 
Kohlhaas, and R.S. Ruoff, Northwestern University  

4:30  Mechanics of Carbon Nanoplates, H.W. Shim, L.G. Zhou, and H.C. Huang (Rensselaer 
Polytechnic Institute)  

4:45  Nano Fountain Probe for Sub-100 nm Fountain-Pen Writing, K-H Kim, N. Moldovan, and 
H.D. Espinosa, Northwestern University 

7:00-
9:00  

Poster Session 1 
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TUESDAY, MAY 17, 2005 

Session 5: Application/Devices: Electronics 
Chair: Hiroshi Kawarada 

8:00  Key Issues of Electrical Application of Diamond, N. Fujimori (National Institute of 
Advance Industrial Science and Technology, Diamond Research Center) (invited) 

8:30  High-Performance MISFET Using High-Mobility Substrate and Aluminum Oxide Gate 
Insulator, K. Hirama, T. Toshiba, K. Yohara, H. Takayanagi, M. Satoh, H. Umezawa, 
and H. Kawarada (Waseda University, Japan); T. Saitoh, K. Park, and N. Fujimori (AIST 
NEDO, Japan) 

8:45  Carbon Nanotubes as a Cold Electron Beam Source for Pseudospark Plasma Switches 
and Pulsed Power Applications, Y. Tzeng, H. Kirkici, C. Liu, C. Seymore, A-J Cheng, Y-
C Chen, K. Koppisetty, and H. Kim (Auburn University)  

9:00  Nanocrystalline Diamond pn: Structure Grown by Hot-Filament CVD, T. Zimmermann, 
K. Janischowsky, A. Denisenko, M. Kubovic, and E. Kohn (University of Ulm, Germany); 
D.M. Gruen (Argonne National Laboratory)  

9:15  Electrical Properties of Thin Nanocrystalline-Diamond-Based Structures, M.D. Parr and 
D.K. Reinhard (Michigan State University)  

9:30  Formation of Junctions and Defects in Carbon Nanotubes, F-Y Meng and S-Q Shi 
(Hong Kong Polytechnic University); L-G Zhou (Rensselaer Polytechnic Institute); R, 
Yang (Institute of Metal Research, CAS, China), Hong Kong  

9:45  Break 

Session 6: Application/Devices: Vacuum Electronics, Electron  
Emission, and Electronics 

Chairs: Sumio Ijima, Mejio University, and  
Yonhua Tzeng, Auburn University 

10:15  Robust and Regenerable Carbon Nanotube Field Emitter Arrays with Integral Gates, 
D.S.Y Hsu and J.L. Shaw (Naval Research Laboratory) (invited) 

10:45  Stability of Field Emission Current from Various Carbon Nanotube Films, B. Ulmen, A. 
DeConinck, V.K. Kayastha, J. Wang, and Y.K. Yap (Michigan Technological University)  

11:00  Imaging Temperature-Dependent Field Emission from Carbon Nanotube Films: Single- 
vs. Multiwalled, Sanju Gupta (Southwest Missouri State University); Y.Y. Wang, G.M. 
Garguilo, and R.J. Nemanich (North Caroline State University)  

11:15  Emission Characterization from Nitrogen-Doped Diamond with Respect to Energy 
Conversion, F. Koeck, Y. Tang, and R.J. Nemanich (North Carolina State University)  

11:30  The Bright View of DEL Seen from LED, J.C. Sung (KINIK Company, Taiwan); J-C Pu, 
and S-F Wang (National Taipei University of Technology, Taiwan  

11:45  Local Electron Field Emission Properties of Nanodiamond Films Measured Using 
Scanning Tunneling Microscopic Technique, I-N Lin (Tamkang University, Taiwan); Y-P 
Chou and T.T. Chen (National Tsing-Hua University, Taiwan); H-F Cheng (National 
Taiwan Normal University)  

12:00  Lunch 
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Session 7: Application/Devices: Sensors, Surface Properties 
Chair: Robert J. Hamers 

1:00  FET-Based Diamond Biosensors, H. Umezawa, K-W Song, M. Degawa, Y. Sasaki, and 
H. Kawarada (Waseda University) (invited) 

1:30  Diamond-Based Biochemical Sensors, J.A. Garrido, A. Hartl, J. Hernando, M. 
Stutzmann, and S. Walter (Technische Universitat Munchen, Germany) (invited) 

2:00  Oxygen Effect on the Surface Conductivity of N-type Sulfur-Doped Diamond, I. 
Gonzalez-Gonzalez, C.R. Cabrera, D.A. Tryk, G. Morell, and J. De Jesus (University of 
Puerto Rico)  

2:15  In Vitro Adenosine Detection with a Diamond-Based Sensor, S. Xie, G. Schafer, C.G. 
Wilson, and H.B. Martin (Case Western Reserve University)  

2:30  Adsorbate-Induced Conductivity of Hydrogen-Terminated Diamond, V. Chakrapani, S.E. 
Eaton, A.B. Anderson, and J.C. Angus (Case Western Reserve University)  

2:45  Break 

Session 8: Synthesis, Production, and Scale-Up 
Chair: Otto Zhou, University of North Carolina 

3:00  Mass Production, Selective Formation, and Applications of Carbon Nanotubes, M. Endo 
(Shinshu University, Japan) (invited) 

3:30  Large-Area Microwave Plasma Deposition System for UNCD Coating of SiC Pump 
Seals, J.A. Libera, J. Hryn, J. Elam, J. Birrell, O. Auciello, and J.A. Carlisle (Argonne 
National Laboratory)  

3:45  Aspects of Scaling CVD Diamond Reactors, J. Zimmer (sp3 Inc.) and K.V. Ravi (Intel 
Corporation)  

4:30-
10:00  Bus Trip to Millenium Park and Downtown Chicago  

WEDNESDAY, MAY 18, 2005 

Session 9: Synthesis and Growth Mechanisms I  
Chair: Kuei-Hsien Chen 

8:00  Growth Mechanism of Superlong and Aligned Single-Walled Carbon Nanotubes, J. Liu 
(Duke University) (invited) 

8:30  Superconductivity in Doped Diamond, R. J. Soulen, Jr., and M. Osofsky (Naval 
Research Laboratory)  

8:45  Micro- and Nanocrystalline Diamond Film Synthesis at Substrate Temperatures Below 
400°C, F. Piazza, A. Makarov, R. Velazquez, J. De Jesus, and G. Morell (University of 
Puerto Rico)  

9:00  Comparative Study of Nucleation Processes for the Growth of Nanocrystalline Diamond, 
Y.K. Liu and P.L. Tso (National Tsing-Hua University, Taiwan); I-N Lin (Tamkang 
University, Taiwan); Y. Tzeng (Auburn University)  

9:15  Origin of Spiral Growth Defects During Early Stages of Homoepitaxial Diamond Growth 
on (100) Surfaces, G. Bhimarassetti and M.K. Sunkara (University of Louisville); J.E. 
Butler (Naval Research Laboratory) 
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9:30  Effects of Synthesis Parameters on Properties of Carbide-Derived Carbon Formed on 
SiC, A. Lee, C. White, R. Zhu, M. McNallan, A. Erdemir, and Y. Gogotsi (University of 
Illinois at Chicago)  

9:45  Break 

Session 10: Synthesis and Growth Mechanisms II  
Chairs: Atsuhito Sawabe and Yonhua Tzeng 

10:15  PECVD Fabrication of Carbon Cones and Helices on a Metal Tip, X. Jiang and G. 
Zhang (University of Siegen, Germany) (invited)  

10:45  HPHT Treatment of Single-Crystal CVD Diamond, P. Doering (Apollo Diamond)  

11:00  Large Single-Crystal CVD Diamonds at Rapid Growth Rates, C-S Yan, Y-C Chen, S-S 
Ho, H-K Mao, and R.J. Hemley (Carnegie Institution of Washington)  

11:15  Controlling Specific and Non-Specific Binding of Proteins at Diamond Surfaces via 
Covalent Functionalization with Molecular Monolayers, T.C. Lasseter, B. Clare, B.M. 
Nichols, N. Abbott, and R.J. Hamers (University of Wisconsin-Madison)  

11:30  Nanocrystalline Diamond on Carbon Nanotubes: Toward a New Class of Carbon 
Nanomaterials, M.L. Terranova, A. Fiori, S. Orlanducci, and E. Tamburri (Universita di 
Roma Tor Vergata, Italy); M. Rossi (Universita di Roma La Sapenza, Italy); and A.S. 
Barnard (Argonne National Laboratory)  

11:45  Synthesis of Mesoporous Carbons through Inverse Replication and Self-Assembly, M. 
Kruk, B. Dufour, K. Matyjaszewski, and T. Kowalewski (Carnegie Mellon University); 
E.B. Celer and M. Jaroniec (Kent State University)  

12:00 Synthesis of Hybrid Nanocarbon Materials by Self-Assembly, X. Xiao, J. Elam, S. 
Trasobares, O. Auciello, and J.A. Carlisle (Argonne National Laboratory)  

12:30-
2:30  Poster Session 2 

Session 11: Materials Integration 
Chair: Orlando Auciello, Argonne National Laboratory 

2:30  Silicon-on-Diamond: An Engineered Substrate for Electronic Applications, A. Aleksov, 
J.M. Gobien, X. Lie, and N. Govindaraju (North Carolina State University); J.T. Prater 
(Army Research Office); Z. Sitar (North Carolina State University) (invited) 

3:00  CVD Diamond Thin-Film Technology for MEMS Packaging, X. Zhu and D.M. Aslam 
(Michigan State University)  

3:15  Design of Residual Stress in Nanocrystalline Diamond Films, N. Woehrl, A. Poukhovoi, 
S. Reuter, and V. Buck (University of Duisburg-Essen, Germany)  

3:30  Promising Diffusion Barrier Coatings for Flexible Packaging Based on FCVA 
Tetrahedral Amorphous Carbon Films, G.A. Abbas, P. Papakonstantinou, and J.A. 
McLaughlin (University of Ulster, UK)  

3:45  Break 

4:00  Evaluation Stress, Nanocrystallinity, Purity Crystallinity, and Useful Mass in Diamond 
Films Deposited on Ti6Al2Sn4Zr2Mo Alloy Using the Assisted Technique of Microwave 
Plasma, T.M. de Souza, J. Possato, J. de Oliveria and J.E. Bueno (UNESP-
Guaratinguetá, Brazil)  
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4:15  Controlled Growth of Carbon Nanotubes for 3-D Lithium-Ion Microbatteries, V.K. 
Kayastha and Y.K. Yap (Michigan Technological University); C. Wang, R. Zaouk, L. 
Taherabadi, and M. Madou (University of California, Irvine)  

4:30  Amorphous Carbon Nitride for Use as a High-Temperature Capacitor Dielectric, W.C. 
Lanter (ISSI Corporation)  

4:45  Laser-Arc Process and Technology for Deposition of Amorphous and Nanostructured 
Carbon Films, H-J Schehibe, M. Leonhardt, and T. Schuelke (Michigan State 
University); C-F Meyer, H. Schulz, B. Schultrich, and E. Beyer (Fraunhofer Institute)  

5:00  Wurtzitic Boron Nitride on Diamond: The Ultimate Epitomical Wafer for Semiconductor 
on Insulator, J.C. Sung (KINIK Company, Taiwan)  

7:00 Banquet 

THURSDAY, MAY 19, 2005 

Session 12: Electrochemistry, Supercapacitors, etc. 
Chair: John G. Angus, Case Western Reserve 

8:00  High-Power-Density Supercapacitors Made from Carbon Nanofibers, R.J. Hamers 
(University of Wisconsin-Madison) (invited) 

8:30  Electrochemical Characterization of Undoped Hydrogen-Terminated Diamond, C.E. 
Nebel, D. Shin, B. Rezek, D. Takeuchi, and H. Watanabe (Diamond Research Center, 
Japan)  

8:45  Electrochemical Sensing using Nanodiamond Microprobe, S. Basu, W.P. Kang, J.L. 
Davidson, B.K. Choi, A.B. Bonds, and D.E. Cliffel (Vanderbilt University)  

9:00  Boron-Doped Diamond Electrodes for Nitric Oxide Detection, J.B. Schaeffer, D.E. 
Kourennyi, and H.B. Martin (Case Western Reserve University)  

9:15  Polycrystalline Boron-Doped Diamond Films as Supports for Methanol Oxidation 
Electrocatalysts, I. Gonzalez, D.A. Tryk, and C.R. Cabrera (University of Puerto Rico)  

9:30  Surface Chemistry and Electrochemical Properties of Functionalized 
Ultrananocrystalline Diamond Thin Films, J. Wang, N. Naguib, X. Xiao, C. Liu, L.A. 
Curtiss, M.A. Firestone, O. Auciello, and J.A. Carlisle (Argonne National Laboratory) 

9:45  Break 

Session 13: Theory and Modeling 
Chair: John W. Mintmire, Oklahoma State University 

10:15  Theory and Modeling of Nanocarbon Phase Stability, A. Barnard (Argonne National 
Laboratory) (invited) 

10:45  Multiscale Modeling of Fracture of Graphene Sheets and Carbon Nanotubes, S. Zhang, 
S.L. Mielke, R. Khare, G.C. Schatz, and T. Belytschko (Northwestern University)  

11:00  Interfacial Thermal Transport in Diamond: Insights from Simulation, T. Watanabe, and 
S.R. Phillpot (University of Florida); P.K. Schelling (University of Central Florida); P. 
Keblinski (Rensselaer Polytechnic Institute)  

11:15  Surface and Electronic Structure of Diamond Nanoparticles, T. van Buuren, T. Willey, C. 
Bostedt, R. Muelenberg, J.Y. Raty, G. Galli, and L. Terminello (Lawrence Livermore 
Laboratory)  
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11:30  A Model for Nanocrystalline Diamond Growth, P. Zapol and M. Sternberg (Argonne 
National Laboratory)  

11:45  Resolution of the Diamond Problem After 200 Years, R. Little (Florida A&M University)  

12:00  Lunch 

Session 14: Business Models and Development 
Chair: Lothar Schäfer 

1:00  Legal Opportunities and Challenges Affecting Nanotechnology Research and 
Commercialization, J. H. Matsuura (Dayton School of Law) 

1:20  Anatomy of a Diamond Start-Up, N. Kane (Advanced Diamond Technologies)  

1:40  Flexible Market Approach of CYRANNUS® Plasma Technology, R. Spitzl and H. Sung-
Spitzl (iplas innovative plasma systems gmbh)  

2:00  Adamant Technologies, Ph. Rychen, Ch. Provent, and L. Pupunat (Adamant 
Technologies) 

2:20  From Tools to Technology - Stories from a Diamond Survivor, J. Herlinger and J. 
Zimmer (sp3 Inc.) 

2:40  Break 

Session 15: HPHT Synthesis, Treatments, Gems, and Application 
Chair: John A. Carlisle, Argonne National Laboratory 

3:00  Very High Crystal Quality Diamond Studied by a Variety of Synchrotron-Generated X-
Ray Techniques, S. H. Connell, R. K. Setshedi, D. Dube, L. Mkhonza, and M Rebak 
(University of the Witwatersrand, South Africa), J. Härtwig and J. Hoszowska (European 
Synchrotron Radiation Facility, France), RC Burns and JO Hansen (Element Six, South 
Africa) (invited) 

3:30  Treatment of Natural Gem Diamond and Its Identification, W. Wang, T. Moses, and M. 
Hall (Gemological Institute of America)  

4:00  Colour Changes in HPHT Annealed Type IA Diamond, F. De Weerdt (Diamond High 
Council, Belgium) and H. Kanda (NIMS, Japan)  

4:15  Growth and Characterization of a Single-Crystal CVD Diamond Nuclear Detector, A. 
Balducci, M. Marinelli, E. Milani, M.E. Morgada, G. Pucella, A. Tucciarone, G. Veronia-
Rinati (Universita di Roma Tor Vergata, Italy); M. Angelone and M. Pillon (Associazione 
Euratrom-ENEA sulla fusione, Italy); R. Potenza and C. Tuve (Universita di Catania, 
Italy)  

4:30  Laser Raman Spectra of Large Diamondoid Molecules: A Route to Understanding 
Nanodiamond Crystals, P.W. May, J. Filik, and J.N. Harvey (University of Bristol, UK); 
J.E.P. Dahl, R.M.K. Carlson, and S. Liu (ChevronTexaco Energy Technology)  

4:45  Inroad to Modification and Functionalization of the Detonation Nanodiamond, B.V. 
Spitsyn (Institute of Physical Chemistry, RAS, Russia) 
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POSTER SESSION 1 
MONDAY, MAY 16, 2005, 7:00-9:00 p.m. 

  Characterization 
2-1 Mechanism of Imaging of Carbon Nanotubes by Scanning Electron Microscopy, D.A. Dikin 

and R.S. Ruoff (Northwestern University) 
2-3 Irradiation Effects of 100-MeV Au+ Ions on Multiwalled Carbon Nanotubes and 

Encapsulated Single-Crystal Nickel Nanorods, A. Misra, P.K. Tyagi, and D.S. Misra (Indian 
Institute of Technology, Bombay); J. Ghatak and P.V. Satyan (Institute of Physics 
Bhubanheshawr, India)  

2-5 Step Growth in Single-Crystal Diamond Grown by Microwave Plasma Chemical Vapor 
Deposition, P.K. Tyagi. A. Misra, and D.S. Misra, (Indian Institute of Technology, Bombay); 
F. LeNormand (CNRS, France)  

2-7 Characterization of Treated Black Diamonds, M.A. Viktorov and M.B. Kopchikov (Moscow 
State University, Russia)  

2-9 Electrical Conductivity of Hydrogenated and Nitrogen-Doped Nanodiamond Films, A-J 
Cheng, M. Clark, Y-K Liu, Y-C Chen, and Y. Tzeng, Auburn University  

2-11 TEM and XRD Study of Nano-Graphene Layer Formation and Texturing in Carbon Films 
Deposited by Pulsed Nd:YAG Laser, E. Cappelli, C. Scilletta, and P. Ascarellli (CNR-ISC 
sez. Montelibretti, Italy); M. Servidori, P.G. Merli, V. Morandi, and A. Migliori (CNR-IMIP 
sez. Potenza, Italy); and S. Orlando (CNR-IMM sez. Bologna, Italy)  

2-15 About X-Ray Amorphous-Phase Formation of Ultradispersed Diamonds, A. Koretz and E. 
Mironov (State Technical University, Krasnoyarsk, Russia), E. Petrov (Russian Academy of 
Sciences), and A. Lyamkin (State Technical University, Krasnoyarsk, Russia)  

  MEMS 
3-1 Dissipation in Tetrahedral Amorphous Carbon Oscillators, D.A. Czaplewski, J.P. Sullivan, 

T.A. Friedman, D.W. Carr, B.E.N. Keeler, and J.R. Wendt (Sandia National Laboratories)  
3-3 Carbon Nanotube Electro Mechanical Oscillator, .Y. Song and J. Choi, Wayne State 

University 
3-5 High-Frequency Surface Acoustic Wave Device Fabricated by Using AlN-UNCD Thin 

Films, C-H Chou, Y-C Lee, J-H Huang, and S-J Lin (National Tsing-Hua University, 
Taiwan); I-N Lin, Tamkang University, Taiwan 

3-7 Nanocrystalline Diamond on LiNBO3 for Surface Acoustic Wave Applications, K-H Chen 
(Institute of Atomic and Molecular Sciences, Academia Sinica, Taiwan); Y.C. Lin, J.P. 
Huang, S.T. Lin, and L.C. Chen (National Taiwan University of Science and Technology, 
Taiwan)  

  Tribology and Interfaces 
4-1 Mechanical Properties of Ultrananocrystalline Diamond Thin Films Relevant to UNCD-

MEMS, H.D. Espinosa, G. Schatz, B. Peng, and N. Moldovan (Northwestern University); O. 
Auciello and J.A. Carlisle (Argonne National Laboratory)  

4-3 Fabrication of Ultrananocrystalline Diamond Atomic Force Microscope Probes, G. Ning, 
A.V. Sumant, D.S. Grierson, and R.W. Carpick (University of Wisconsin-Madison); J.E. 
Gerbi, J. Birrell, X. Xiao, O. Auciello, and J.A. Carlisle (Argonne National Laboratory) 

4-5 X-Ray Diffraction Analyses of the CVD Diamond Film Deposited on the TI6Al4V Alloy with 
the Addition of CF4 in Methane-Hydrogen Mixture, T.M. de Souza, J. Possato, J. de 
Oliveira, and J.E. Bueno (UNESP-Guaratinguetá, Brazil)  
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4-7 Scanning Electronic Microscope Analyses and X-Rays Diffraction of the CVD Diamond Film 
Deposited on Ti6A14V Alloy Utilizing Microwave Plasma Reactor, T.M. de Souza, J. 
Possato, J. de Oliveira, and J.E. Bueno (UNESP-Guaratinguetá, Brazil)  

4-9 Ultrananocrystalline Diamond as Hermetic and Bioinert Coating for Implantable Biomedical 
Devices, X. Xiao, J. Wang, J.A. Carlisle, and O. Auciello (Argonne National Laboratory); D. 
Guven, R. Freda, J. Weiland, and M. Humayun (University of Southern California) 

4-11 Controlling the Nanotribology of Nanostructured Diamond Films, R.W. Carpick, D.S. 
Grierson, A.V. Sumant, E.E. Flater, G. Ning, and K. Sridharan (University of Wisconsin-
Madison); T.A. Friedmann and J.P. Sullivan (Sandia National Laboratories); J.E. Gerbi, J. 
Birrell, X. Xiao, O. Auciello, J.A. Carlisle (Argonne National Laboratory) 

4-13 Low-Temperature Catalytic Synthesis of Carbon Onions and Evaluation of Its Solid 
Lubricant Property, A. and S. Namiki (Tokyo Institute of Technology, Japan)  

4-15 Tribological Studies on Ultrafine Diamond Composite Coatings Deposited on Tungsten 
Carbide, X.G. Jian (Tong Ji University, China); M. Chen and F.H. Sun (Shanghai Jiao Tong 
University); and L.D. Li (Tong Ji University, China) 

4-17 Direct Wafer Polishing with 5-nm Diamond, J.C. Sung (KINIK Company, Taiwan) and M-F 
Tai (Wufeng Institute of Technology, Taiwan) 

4-19 DNA Sensor Based on the Modified Nitrogen-Doped Nanocrystalline Diamond Film, Z. Xu, 
A. Kumar, M. Singh, A. Kumar, and S. Jeedigunta (University of South Florida) 

  Electronic Devices 
5-1 Modeling of Single-Crystal Diamond Schottky Barrier Diodes for High-Voltage Applications, 

S.J. Rashid, M. Brezeanu, T. Butler, N.L. Rupesinghe, F. Udea, and G.A.J. Amaratunga 
(University of Cambridge, UK); L. Coulbeck, A. Garraway, and P. Taylor (Dynex 
Semiconductors Ltd., UK); D.J. Twitchen, A. Tajani, and C. Wort (Element Six Ltd., UK)  

5-3 Acceptor and Donor Trapping Centers in Boron-Doped CVD Diamond, V.I. Polyakov and 
A.I. Rukovishnikov (Institute of Radio Engineering and Electronics, RAS, Russia); V.P. 
Varnin (Institiute of Physical Chemistry, RAS, Russia); V.G. Ralchenko (General Physical 
Institute, RAS, Russia) 

5-5 Enhancement Mode MESFET from Free-Standing Polycrystalline Diamond Grown by High-
Power DC Arc Plasma Jet CVD, Y. Dai, R. Long, L. Yu, Z. Zhang, Z. Chang, and C. Yan 
(Shandong University, China) 

5-7 Seebeck Effect DVD-Diamond/Pd Gas Sensors, A. Balducci, M. Martinelli, E. Milani, M.E. 
Morgada, G. Pucella, G. Rodriguez, A. Tucciarone, G. Verona-Rinati, A. D'Amico and C. Di 
Natali (Universita di Roma Tor Vergata, Italy) 

5-9 Semiconductor Properties of the DLC Thin Films Doped with Nitrogen, Zh.R. Panosyan, 
A.S. Voskanyan, R.V. Grzaryan, and K.M. Yeghishyan (State Engineering University of 
Armenia ): J.F. Pern and K.J. Touryan (National Renewable Energy Laboratory); V.I. 
Polyakov (Institute of Radio Engineering and Electronics, RAS, Russia) 

5-11 Homoepitaxial and Polycrystalline CVD Diamond pn Junctions, K. Haenen, V. Mortet, J. 
D'Haen, O.A. Williams, M. Nesladek, L. De Schepper (Limburgs Universitair Centrum, 
Belgium); S. Koizumi (National Institute for Materials Science, Japan) 

  Field Emission 
6-1 Thermionic Field Emission from UNCD-Coated Tip Structures, J.M. Garguilo, F.A.M. 

Koeck, and R.J. Nemanich (North Carolina State University); X.C. Xiao, O. Auciello, and 
J.A. Carlisle (Argonne National Laboratory) 
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6-3 Characteristics of Ultra-Nanocrystalline Diamond Films Grown on a Porous Anodic Alumina 
Template, Y-C Chen, C-Y Chen, N-H Tai, Y-C Lee, and S-J Lin (National Tsing-Hua 
University, Taiwan); I-N Lin (Tamkang University, Taiwan) 

6-5 Field Emission Characteristics of Diamond Edge Shaped Emitters Fabricated using 
Nitrogen-Methane Plasma, R.S. Takalkar, W.P. Kang, J.L. Davidson, B.K. Choi, W.H. 
Hofmeister, and K. Subramanian (Vanderbilt University) 

6-7 Fabrication of Aligned Convex CNT Field Emission Triode by MPCVD, Y.M. Wong, W.P. 
Kang, J.L. Davidson, B.K. Choi, W.H. Hofmeister (Vanderbilt University); J.H. Huang 
(National Tsing-Hua University, Taiwan) 

6-9 Study of the Field Emission Properties of Carbon Nanotubes Grown on Sulfur-Doped 
Nanocrystalline Diamond Films, K. Uppireddi, F. Piazza, and G. Morell (University of Puerto 
Rico) 

6-11 Amorphous Diamond Electron Emission Capabilities: Implications to Thermal Generators 
and Heat Spreaders, J.C. Sung and K. Kan (KINIK Company, Taiwan); M. Sung 
(Massachusetts Institute of Technology); J-L Huang (National Cheng-Kung University, 
Taiwan); E. Sung (Johnson and Johnson), C-P Chen (KINIK Company, Taiwan); K-H Hsu 
(National Taipei University of Technology, Taiwan); M-F Tai (Wufeng Institute of 
Technology, Taiwan) 

6-13 Competition of Field Emission from CNT Films Produced by Five Different Techniques, 
A.V. Karabutov, S.M. Pimentov, V.I. Konov, E.D. Obraztsova, V.G. Pereverzev, A.S. 
Pozharov, and S.V. Terekhov (General Physics Institute, Russia); P. Ya. Detkov and E.V. 
Shorokhov (RFNC-RITF, Russia); E.N. Loubnin (Institute of Physical Chemistry, Russia) 

  Surfaces and Sensors 
7-1 Surface Conductivity as a Natural Property for Hydrogenated Diamond, Y. Dai, B.B. Huang, 

and R. Long (Shandong University, China); D. Dai (North Carolina State University) 
7-3 Chemically and Biologically Functionalized Diamond Solution Gate TFT and Its Application 

for DNA Sensing, B. Sun, W. yang, K-Y Tse, and R.J. Hamers (University of Wisconsin-
Madison)  

7-5 Photochemical Modification of Diamond Films: A Structural and Mechanistic Study, B.M. 
Nichols and R.J. Hamers (University of Wisconsin-Madison); J.E. Butler and J.N. Russell, 
Jr. (Naval Research Laboratory) 

7-7 Neural Cell Patterning on Thin-Film Boron-Doped Diamond Electrodes for Neurotransmitter 
Detection in vitro, J. Bursee, H. Baskaran, and H.B. Martin (Case Western Reserve 
University) 

  Growth 
9-1 Synthesis of Large-Area, Thick, Uniform, Smooth Ultrananocrystalline Diamond Films by 

Microwave Plasma-Assisted Chemical Vapor Deposition, Dzung Tran and Jes Asmussen, 
Michigan State University 

9-3 Deposition of (U)NCD Films using Hot-Filament CVD, Paul W. May (University of Bristol, 
UK)  

9-5 Enhanced Nucleation of Ultrananocrystalline Diamond using Tungsten Films, N. Naguib, J. 
Wang, O. Auciello, J.A. Carlisle, and J. Elam (Argonne National Laboratory); J. Birrell 
(Advanced Diamond Technologies) 

9-7 Improvement on the Growth of Ultrananocrystalline Diamond by using Pre-Nucleation 
Technique, Y-C Lee and S-J Lin (National Tsing-Hua University, Taiwan); I-N Lin (Tamkang 
University, Taiwan) 
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9-9 Improving the Adhesion Properties of Nanocrystalline Diamond Films by Bias-Enhanced 
Nucleation, E. Mujica, F. Piazza, and G. Morell (University of Puerto Rico); S. Wolter (Duke 
University) 

9-11 Formation of Diamond Whiskers by RF Plasma Etching, C.Y. Li and A. Hatta (Kochi 
University of Technology, Japan) 

9-13 Liquid Carbon Sources for Deposition of Nanostructural Diamond, T.V. Semikina, K. 
Gyopda, and Y. Takagi (Teikyo University of Science and Technology, Japan)  

9-15 Nanoporous Carbons Derived from Block Copolymers with Polyacrylonitrile Blocks, C. 
Tang, M. Kruk, K. Matyjaszewski, and T. Kowalewski (Carnegie Mellon University); E.B. 
Celer and M. Jaroniec (Kent State University)  

9-17 Growth and Characterization of Aligned Carbon Nanotubes by Microwave Plasma 
Chemical Vapor Deposition, A. Vaseashta (Marshall University) and J.A. Carlisle (Argonne 
National Laboratory) 

9-19 Synthesis and Characterization of Carbide-Derived Carbon Nanowires, X. Chen, D.R. 
Cantrell, S. Stankovich, and R.S. Ruoff, Northwestern University 

9-21 Effects of NH3 Plasma Pretreatment on the Growth of Carbon Nanotubes, S. Wang, P. 
Wang, and O. Zhou (University of North Carolina) 

9-23 Structure and Electronic Properties of Novel Unconventional Carbon Allotropes and BN 
Polymorphes, V.V. Pokropivny and V.L. Bekenev (Frantsevich Institute for Problems of 
Materials Science of NASU, Ukraine)  

9-25 Direct Growth of Boron Nitride Nanotubes on Substrates, Y.K. Yap, J. Wang, and V. 
Kayatha (Michigan Technological University) 

9-27 Thermodynamic Conditions of ta-C Formation at Implantation of Noble-Gas Ions in Carbon, 
A.I. Kalinichenko, S.S. Perepelkin, and V.E. Strel'nitskij (National Science Center, Kharkov 
Institute of Physics and Technology, Ukraine) 

9-29 Action of Acoustic Effects at Ion Implantation on Kinetic Processes in Carbon Films, A.I. 
Kalinichenko and V.E. Strel'nitskij (National Science Center, Kharkov Institute of Physics 
and Technology, Ukraine) 

9-31 Effects of Methane Gas Pressure on Optical and Electrical Properties of Nitrogenated 
Camphoric Carbon Thin Films Grown by Surface Wave Microwave Plasma, M. Rusop, T. 
Soga, and T. Jimbo (Nagoya Institute of Technology, Japan); S. Adhikari, A.M.M. Omer, S. 
Adhikary, H. Uchida, and M. Umeno (Chubu University)  

9-33 Diamond Growth on an Array of Seeds: The Revolution of Diamond Production, J.C. Sung 
(KINIK Company, Taiwan)  

  Electrochemistry 
12-1 Probing Electrical Conductivity Homogeneity Across a Boron-Doped Nanocrystalline 

Diamond Film using Michigan State University Conductive Probe-Atomic Force Microscopy, 
S. Wang and G.M. Swain (Michigan State University)  

12-3 Analysis of Chlorinated Phenols Pollutants using Diamond Microelectrodes, G. W. Muna, V. 
Quaiserova-Mocko, and G.M. Swain (Michigan State University) 

12-5 Monitoring Arsenic (III) in Water Supplies using Anodic Stripping Voltammetry and a 
Diamond Electrode, Y. Song and G.M. Swain (Michigan State University)  

12-7 Diamond Microelectrodes for the In Vitro Measurement of Norepinephrine Release from 
Sympathetic Nerves in Rats, J. Park, J.J. Galligan, G.D. Fink, and G.M. Swain (Michigan 
State University)  
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12-9 Electrochemical Tuning and Investigations on Actuator Mechanism of Single-Wall Carbon 
Nanotubes, S. Gupta (Southwest Missouri State University)  

  Theory 
14-1 Electronic Structure Calculations of Nitrogen and Hydrogen in Diamond Twist Grain 

Boundaries, M. Sternberg, P. Zapol, and L.A. Curtiss (Argonne National Laboratory)  
14-3 Thermodynamic Stability of Nanodiamond, H. Cui, C.X. Wang, P. Liu, and G.W. Yang 

(Zhongshan University, China) 
14-5 Comparison Study of Hydrogen Incorporation in Diamond: Effect of Crystalline State and 

Origin of Diamond, C.J. Tang, A.J. Neves, and L. Rino (University of Aveiro, Portugal)  

xx 



POSTER SESSION 2 
Wednesday, May 18, 2005, 3:00-5:00 p.m. 

  Characterization 
2-2 Surface Plasmon Resonance Study of Single-Walled Nanotube Polymer Film, V.I. 

Chegel, (Lashkarev Institute of Physics of Semiconductors of NASU, Ukraine); L.V. 
Poperenko and Y.V. Chegel (T. Shevchenko National Kyiv University, Ukraine); V.V. 
Pokropivny (Frantsevich Institute of Problems of Materials Science of NASU, Ukraine) 

2-4 FTIR Studies of Nitrogen-Doped Carbon Nanotubes, A. Misra, P.K. Tyagi, M.K. Singh, 
and D.S. Misrah (Indian Institute of Technology, Bombay) 

2-6 Characterization of Single-Crystal Diamonds Grown by High Growth Rate Chemical 
Vapor Deposition Methods, Y-C Chen, C-S Yan, H-K Mao, and R.J. Hemley (Carnegie 
Institution of Washington); M. Origlieri (University of Arizona); S. Krasnicki (Argonne 
National Laboratory); Y. Tzeng (Auburn University) 

2-8 Spectroscopy Application for Characterization and Identification of Artificially Colored 
Diamonds, M.A. Viktorov and M.B. Kopchikov (Moscow State University, Russia) 

2-10 Extending the 3-Omega Method to the Megahertz Range for Thermal Conductivity 
Measurements of Diamond Thin Films, R. Liske, T. Wunderer, M. Leonhardt, T. 
Grotjohn, J. Asmussun, and T. Schuelke, Michigan State University  

2-14 Observation of Structural Changes in Carbon Films under External Influences, Zh. R. 
Panosyan, A.V. Meliksetyan, A.S. Voskanyan, Y.V. Yengibaryan, A.A. Sahakyan, and 
A.T. Darbasyan (State Engineering University of Armenia)  

  MEMS 
3-2 Polycrystalline Diamond MEMS Resonator Technology for Sensor Applications, N. 

Sepulveda and D.M. Aslam (Michigan State University); D. A. Czaplewski, J.P. Sullivan, 
and T.A. Friedman (Sandia National Laboratories)  

3-4 Carbon Nanotube Technology for Micro Gas Chromatograph and Chemical 
Nanosensors, Y. Lu and D.M. Aslam (Michigan State University); E.T. Zellers (University 
of Michigan)  

3-6 Growth of High-Quality AlN using Ti Buffer Layer on Diamond, C-H Chou, Y-C Lin, J-H 
Huang, N-H Tai (National Tsing-Hua University, Taiwan); I-N Lin (Tamkang University, 
Taiwan)  

  Tribology and Interfaces 
4-2 Development of a MEMS Platform for the Assessment of Reinforcement Mechanisms of 

Carbon Nanotubes in a Polymer Matrix, E. Zimney, J. Chung, and R.S. Ruoff 
(Northwestern University)  

4-4 Silicon Carbide Samples for CVD Diamond Film Deposition with Application on Rastilho 
for Musical Instruments of Chord and Waves Analysis Transmitted by the Samples, T.M. 
de Souza, L.N. Kawakami, S.E. Lucena, andn P.R. Alves (UNESP-Guaratinguetá, 
Brazil)  

4-6 Stress and Purity Crystallinity of CVD Diamond Films Growth in Hot-Filament Reactor on 
Ti6Al4V Alloy with Various Methane Concentration, T.M. de Souza, J. Possato, J. de 
Oliveira, and J.E. Bueno (UNESP-Guaratinguetá, Brazil); V.J. Trava-Airoldi (INPE, 
Brazil)  
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4-8 Dental Implants Recovered with CVD Diamond Film, J. Possato and T.M. de Souza 
(UNESP-Guaratinguetá, Brazil)  

4-10 Human Micro-Vascular Endothelial Cells Attachment and Tube Formation on Balloon-
Expanded Stainless Steel Stents Coated with DLC and Si-DLC Thin Solid Film, T. 
Okpalugo, P.D. Maguire, and J. McLaughlin (University of Ulster, UK)  

4-12 Nanocarbon Thin Films: The Link between Surface Chemistry and Nanotribology, A. 
Sumant, D.S. Grierson, and R.W. Carpick (University of Wisconsin-Madison); J.E. Gerbi, 
J. Birrell, J.A. Carlisle, and O. Auciello (Argonne National Laboratory); T. A. Friedmann 
and J.P. Sullivan (Sandia National Laboratories)  

4-14 In Situ Nanoindentation of Ultrananocrystalline Diamond and Amorphous Diamond Thin 
Film Coatings, E.A. Stach, A.M. Minor, D. Ge, J.W. Morris, Jr., T.A. Friedmann, X. Xiao 
(Purdue University); O. Auciello and J.A. Carlisle (Argonne National Laboratory) 

4-16 Structural Changes during the Wear of Diamondlike Carbon Films at Low Temperature, 
J.B. Woodford and J.A. Johnson (Argonne National Laboratory); G.H. Xu (University of 
Alaska); H. Liang (texas A&M University) 

  Electronic Devices 
5-2 Analysis of P-Type CVD Diamond for High-Power and High-Temperature Applications, 

S.L. Heidger (Air Force Research Laboratory) 
5-4 Neutron Transmutation of 10B-Doped Diamond, K. Jagannadham and M.L. Reed (North 

Carolina State University); M.J. Lance and T.R. Watkins (Oak Ridge National 
Laboratory); K Verghese (North Carolina State Universith); J.E. Butler (Naval Research 
Laboratory) 

5-6 CVD Single-Crystal Diamond for Extreme UV Photodetection, A. Balducci, M. Marinelli, 
E. Milani, M.E. Morgada, C. Pucella, A. Tuccirone, and G. Verona-Rinati (Universita di 
Roma Tor Vergata, Italy); E. Pace and A. De Sio (Universita di Firenze, Italy)  

5-8 Tailoring the Properties of CVD Diamond for Passive and Active Radiation Applications, 
P. Ascarelli, E. Cappelli, and D.M.Trucchi (CNR-ISC, Italy); G. Conte (Universita de 
Rome Tre, Italy) 

5-10 Morphology, Optical Properties, and Single-Electron Spectrum of "Detector-Quality" DLC 
Layers Prepared by MW CVD, V. Ligatchev (Nanyang Technological University, 
Singapore) and B. Gan (Agilent Technologies, Singapore)  

  Field Emission 
6-2 Syntheses of Boron-Doped Polycrystalline Diamond on Molybdenum Substrate for Cold 

Discharge Cathode, H. Yoshida, I. Yanase, N. Sakuma, T. Ono, and T. Sakai (Toshiba 
Corporation, Japan)  

6-4 Effect of Granular Structure on the Electron Field Emission Properties of Nanodiamond 
Films, H-F Cheng (National Taiwan Normal University, Taiwan); Y-C Lee and S-J Lin 
(National Tsing-Hua University, Taiwan); I-N Lin (Tamkang University, Taiwan) 

6-6 Geometrical Field Enhancement on Micropatterned Nanodiamond Film for Electron 
Emissions, K. Subramanian, W.P. Kang, J.L. Davidson, W.H. Hofmeister, B.K. Choi, and 
M. Howell (Vanderbilt University)  

6-8 Field Emission Properties of Selected Single-Wall Carbon Nanotube Samples, A. Fiori, 
S. Orlanducci, V. Sessa, E. Tamburri, and M.L. Terranova, A. Di Carlo, A. Reale, F. 
Brunetti, P. Regoliosi, and R. Riccitelli (Universita di Roma Tor Vergata, Italy); A. Ciorba 
and M. Rossi (Universita di Roma La Sapienza, Italy)  
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6-10 Cold Cathodes for Applications in Poor Vacuum and Low-Pressure Gas Environments: 
Carbon Nanotubes versus Zinc Oxide Nanoneedles, A-J Cheng, D. Wang, H.W. Seo, M. 
Park, and Y. Tzeng (Auburn University)  

6-12 Nitrogen Doping and Graphitization of Nanocrystalline Diamond Films for Enhanced 
Field Electron Emission, A.V. Karabutov and V.I. Konov (General Physics Institute, 
Russia); E.N. Loubnin (Institute of Physical Chemistry, Russia); V.V. Pereverzev, I.I. 
Vlasov, E.V. Zavedeev, and S.M. Pimenov (General Physics Institute, Russia)  

  Surfaces and Sensors 
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VLSI Quantum Computer in Diamond 
 

Philip Hemmer 
Electrical Engineering Department 

Texas A&M University 
3128 TAMU 

College Station, TX 77843 
 
Recently, we have been exploring the possibility developing a diamond-based VLSI 
quantum computer. In analogy to the VLSI quantum computer based on phosphorous in 
silicon, we will use nuclear spin states of nitrogen-vacancy (NV) color centers in 
diamond as the qubits, and we will use gate electrodes to tune qubits into and out of 
resonance with each other and with control fields. However in our design, the qubits will 
be addressed optically, and it is the optical rather than the spin transitions that will be 
tuned with the electrodes. I will describe current status of the program and will briefly 
discuss the potential for room temperature solid-state quantum computers in NV 
diamond. 



Carbon Nanotube Electronics 
 

Yu-Ming Lin 
IBM T. J. Watson Research Center 

Yorktown Heights, NY 10605 
 
Carbon nanotubes (CNTs) are promising candidates for nanoelectronic technology 
because of their exceptional electrical transport properties, including ballistic 1D 
transport, a high Fermi velocity, and high current carrying capability.  Field-effect 
transistors using semiconducting carbon nanotubes have been shown to possess 
very impressive performance comparable to or even exceeding that of state-of-the-
art Si-based transistors. Carbon nanotube field-effect transistors (CNFETs), 
however, still have some disadvantageous issues that need to be addressed. In 
particular, due to the Schottky barriers formed at the metal/nanotube interface, 
CNFETs exhibit ambipolar behaviors upon scaling, resulting in large OFF-state 
currents and a shallow switching slope. I will review important factors determining 
the transport behavior and performance of a CNFET. I will then introduce gate 
structure engineering concepts in CNFETs and discuss how we can eliminate these 
problems by selectively doping the contact regions via electrostatic doping or 
chemical doping. In collaboration with: Joerg Appenzeller, Zhihong Chen, and 
Phaedon Avouris. 
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Abstract 
There are several applications where the interior surfaces of tools or parts need low friction and have to be protected 
against wear. Cases in point are dies for drawing wires. Top quality dies for the fabrication of wires are made of 
monolithic diamond or at least sintered polycrystalline diamond (PCD). Especially tools made of monolithic 
diamond have excellent wear resistance and low friction coefficients. These properties allow the fabrication of wires 
with high degree of precision of the diameter and excellent surface smoothness. In addition to that wires can be 
produced with high operating speed applying water suspensions as lubricant. In some cases even dry production is 
possible. However, especially for larger diameters high prices limit the use of diamond dies. Another limitation is 
the restriction to almost circular shapes. Coating of the interior walls of drawing dies with thin polycrystalline 
diamond films is a solution for utilizing the superior properties of diamond beyond these limitations of costs and 
geometries.  

In a co-operation of four Fraunhofer Institutes and tool makers we investigated hot-filament chemical vapor 
deposition (HF-CVD) of diamond coatings on silicon-based ceramics. We have demonstrated high adhesion levels 
of the diamond coatings even on polished substrate surfaces [1]. Surface roughening to enhance adhesion, a typical 
pretreatment in the case of diamond coatings on cemented carbide, is not necessary. This is obviously due to the 
formation of chemical bonds between carbon atoms from the diamond and silicon atoms from the ceramic substrate 
at the diamond-substrate interface. Additionally, no binder material like cobalt has to be removed by laborious 
etching procedures which are cost effective and also influence the substrate surface roughness. Thus the surface 
roughness is dominated by the diamond film roughness.  

In the case of drawing dies the deposition of well adherent smooth diamond coatings on  polished substrate surfaces 
is a prerequisite to achieve the surface quality for drawn wires. To realize diamond coated drawing dies this concept 
has to be combined with a deposition process for interior coating.. Therefore we have investigated several versions 
of the HF-CVD technique to evaluate the possibilities for interior wall diamond coating. At special process 
conditions the deposition of diamond films is demonstrated for cylinders with inner diameters ≥ 2 mm and aspect 
ratios of up to 10. The film thickness distribution and morphology of the coatings was characterized by scanning 
electron microscopy.  

Cylindrical substrates with relatively large diameters and aspect ratios can be coated by placing a hot filament for 
gas activation inside the substrate [2,3]. However, for typical drawing die geometries the additional expense for 
filament and substrate arrangement is not necessary. For drawing dies with diameters above 4 mm the diamond 
deposition is realized at low process pressures under diffusion controlled conditions. In this case the substrates can 
be coated in a deposition process which is more economic than placing the filaments inside an arrangement of dies.  

For dies with diameters below 4 mm the interior coating has been realized by transporting the activated gas into the 
orifice of the drawing die by means of a directed gas stream (cf. figure 1). By applying this technique from both 
sides of the substrates, successively, almost homogeneous diamond films for aspect ratios length/depth ≥ 10 are 
possible. However, for drawing dies a single deposition step from one side of the drawing tool is sufficient (cf. 
figure 2). 

In general, the diamond crystal size, which is correlated to the film roughness, decreases with increasing deposition 
depth. In the case of drawing dies, this effect results in smooth diamond coatings in the area of smallest diameter, 
which is favorable for the production of wires with high surface quality.  

 

 



 
Figure 1. Diamond coated ceramic drawing die with 2 mm diameter produced by means of a directed gas stream. 
The small picture shows the sliced tool, the larger picture the morphology of the diamond film at the point of the 
lowest diameter (cross). At this point the film thickness is 6 µm compared to 10 µm at the gas inlet (arrow). 

  

Figure 2. : Film thickness distribution in a cylindrical test geometry with 4 mm diameter. The activatd process 
gas is transported into the orifice by means of a directed gas stream resulting in diamond deposition on the 
interior surface. 
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Electrical methods for creating and characterizing biomolecular arrays for 
DNA hybridization and antibody detection at diamond surfaces 

 
Wensha Yang, Bin Sun, Sarah Baker, Kiu-Yuen Tse, and Robert J. Hamers 
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Abstract 

INTRODUCTION 
Biologically-modified diamond presents a nearly ideal platform for integrating biological systems with 

microelectronics.1-2  While most electrical biosensing schemes involve some type of amplification scheme such as 
the use of enzymes, in order to extend electrical biosensing to high-density arrays it is necessary to develop more 
general biosensing schemes in order to be able to detect a broader range of biomolecules without chemical 
interference between the different sensor elements.  The use of the intrinsic charge of a biomolecule binding to a 
surface presents one such detection method.  Since diamond is a wide-bandgap semiconductor, changes in charge 
distribution associated with biomolecules binding to a surface functionalized with specific, complementary 
biomolecular recognition elements provides a completely real-time, label free way to convert biological information 
into electrical control signals.  We have been investigating the electrical properties of diamond surfaces modified 
with DNA and with antibodies,3-5 as a basis for new types of direct electronic biosensor. Measurements have been 
made parallel to the interface and perpendicular to the interface in a Bio-FET geometry. We have also achieved the 
converse process, or using electrical control signals to induce specific molecular chemistry at the surface, as a way 
to perform electrically addressable preparation of diamond bioarrays without the need for microfluidics or other 
fluid-handling systems.6-7  Thus, the unique electrical properties of diamond can be used both in the fabrication of 
bioarrays and in the direct detection of biological binding events.   

ELECTRONIC BIOSENSING  VIA IMPEDANCE AND  BIO-FET MEASUREMENTS  
 Biomolecules interacting with semiconductors induce a “field effect” in which the change in local charge 

distribution induced by binding to the surface affects the diamond space-charge region.  The impedance can be 
measured either perpendicular to the interface using AC impedance spectroscopy, or can be measured parallel to the 
surface in a field-effect-transistor geometry.3-4  In AC impedance spectroscopy, only one electrical connection is 
needed to each sensing element; by choosing the AC frequency properly, one can capacitively couple across the 
molecular layer and achieve sensitivity to the diamond space-charge layer.  Alternatively, one can place two 
electrical contacts directly onto the surface and measure the DC impedance changes induced in a diamond thin film.   

 To link biomolecules to the surface, we have developed a photochemical method that provides a very stable 
interface in which biomolecules of interest can be covalently linked to the diamond surface.1  Upon hybridization, 
we observe a decrease in the impedance across the interface.  Similar measurements made on modified silicon 
samples show a decrease in impedance on p-type samples and an increase in impedance on n-type samples. These 
results are all consistent with a field-effect, in which the negatively-charged DNA molecules induce an upward-
band-bending and a corresponding decrease in resistance of the space-charge region.   

` We have recently extended these measurements to true Bio-FET devices4 in which we evaporate two 
contacts on top of the diamond.  These contacts are then protected by evaporation of photoresist onto them 
(providing a hydrophobic barrier layer) while leaving the channel region open.  We find that on a surface covalently 



linked to the human antibody IgG, exposure to the corresponding antibody anti-IgG induces a significant decrease in 
drain-source current.  Control experiment using a different antibody, anti-IgM, that is not expected to bind to the 
IgG-modified surface, shows no change in response.  Thus, the diamond bio-FET responds selectively to the 
molecule of interest.  There are many parallels between the parallel FET measurements and the perpendicular AC 
impedance measurements.  The advantages and disadvantages of these two types of sensing will be discussed. 
However, both methods are useful for  diamond-based biosensing arrays.  

ELECTRICALLY-ADDRESSABLE FUNCTIONALIZATION OF DIAMOND FOR 
CREATION OF BIO-ARRAYS: 
 

 In order to create arrays of Bio-FET or other diamond-based sensing systems, it is necessary to develop 
methods for selectively functionalizing specific surface regions.  While this has traditionally been done using 
mechanical “spotting” methods, we have recently developed a new method for electrically-addressable biomolecular 
functionalization of diamond surfaces.  In this method, the diamond surfaces are first functionalized with aromatic 
nitro groups via a purely chemical method.  The nitro groups on specific regions of the surface can then be 
selectively reduced to primary amines by applying a small potential of -1.5 V to the electrode of interest. These 
amine-functionalized surface regions can then be covalently linked to biomolecues of interest.  We have used this 
method to functionalize diamond surfaces with specific DNA sequences in different areas without the use of 
microfluidics or other fluid-handling devices.   

 

 

 

 

 

 

 

REFERENCES 
1.  Yang, W., et al. , "DNA-modified nanocrystalline diamond films as stable, biologically active substrates", 

Nature Materials, 1, 253-257 (2002). 

2. Lu, M., et al, "Invasive Cleavage Reactions on DNA-Modified Diamond Surfaces", Biopolymers, 73, 606-
613 (2004). 

3. Yang, W., et al. "Interfacial Electrical Properties of DNA-modified Diamond Thin Films: Intrinsic 
Response and Hybridization-Induced Field Effects", Langmuir, 20, 6778-6784 (2004). 

4.  Yang, W. and Hamers, R.J., "Detection of biological binding events using a diamond thin-film field-effect 
transistor", Appl. Phys. Lett., 85, 3626 (2004). 

5. Yang, W., et al., “Electrically Addressable Biomolecular Functionalization of Conductive Nanocrystalline 
Diamond Thin Films”, Chemistry of Materials, in press (Jan. 2005). 

 

6.  Lee, C.S., et al., "Electrically Addressable Biomolecular Functionalization of Carbon Nanotube and Carbon 
Nanofiber Electrodes", Nano Letters, 4, 1713-1716 (2004) 

 

p-Diamond
n-Si

epoxy

Au (d) Au (s)

Pt (g)

A

ground

p-Diamond
n-Si

p-Diamond
n-Si

epoxy

Au (d) Au (s)

Pt (g)

A

ground

Figure 1: Diamond Bio-FET 
device
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As part of an ongoing effort to demonstrate that diamond is a versatile electrode material for biological applications, 
we present our progress in development of diamond electrodes for study of neurodynamics in an animal model, 
Aplysia californica.  Diamond provides a unique opportunity to integrate neural stimulation and sensing in the same 
implantable device.  Data from several parallel studies are presented: in vitro measurement of dopamine and 
serotonin concentration, measurement of electrical activity, and neural stimulation.  Using diamond microelectrodes, 
changes of the Aplysia californica’s feeding patterns are being studied as a function of concentration of dopamine 
(acting as a neurotransmitter) or serotonin (acting as a neuromodulator).   
 

1 Background and Motivation 
We are exploring the advantages of diamond electrodes using a specific, relatively well-defined neural 

circuit that provides known controls for comparison and minimizes surgical challenges.  At the same time, data from 
this newly developed diamond device may provide new insights into behavioral functions of this neural circuit. 
Aplysia californica, a marine mollusk, is a commonly used animal model for neurodynamic studies.  Our focus is on 
the buccal mass, i.e., the muscular structure for feeding, and the buccal ganglion, a collection of cells that control the 
feeding motor patterns of Aplysia californica.  The somata (cell bodies) of the buccal motor neurons are large 
(~50-150 microns), identifiable, and readily accessible; thus, it is possible to obtain electrophysiology recordings 
and monitor chemical release from a single cell.  In addition, neural activity can often be directly correlated with 
muscular response; e.g., patterns of buccal nerve recordings in vivo (corresponding to recordings of multiple neurons 
firing) can distinguish between the three fundamental feeding behaviors:  biting, rejecting, and swallowing (Ref. 1).  
Aplysia provides unique advantages for development of an integrated device since all three aspects – stimulation, 
electrical activity and neurotransmitter sensing – can be probed at the neuron cell body.   

Of specific interest for these studies are the B65 neuron and the metacerebral cell (MCC).  The B65 neuron 
is located in the collection of nerve cells controlling the feeding apparatus, the buccal ganglion; it has been shown to 
enhance rejection motor patterns, and is known to contain dopamine, which acts as a modulatory neurotransmitter 
(Ref. 2).  The MCC is located in the cerebral ganglion (a more encephalized collection of nerve cells that controls 
higher order behavioral choice); it has multiple roles in feeding behavior that, in part, involve the release of 
serotonin, a neuromodulator, throughout the buccal mass.  The MCC contains approximately 100 µM serotonin in 
the soma and 4% is released with the generation of an action potential (Ref. 3).  Through use of real-time detection 
with diamond electrodes, we seek to determine the release site and concentration of (a) dopamine from the B65 
neuron and (b) serotonin from the MCC during a normal feeding pattern.   
 

2 Methods 
Microelectrodes (~30 µm diameter) were fabricated using hot-filament-assisted CVD techniques to deposit 

boron-doped diamond onto a tungsten microelectrode; for details, see Ref. 4.  Flow cell calibrations were used to 
estimate the detection limits; fast scan cyclic voltammetry (FSCV) was the detection method.  Figure 1 shows an 
example flow cell calibration for a diamond microelectrode; 1 nM dopamine (Fig. 1a) and 50 nM serotonin 
(Fig. 1b) were detected (Ref 4).   
 The buccal ganglion is encased in an insulating layer (sheath) that must be surgically removed (desheathed) 
to allow study of the chemical transmission between cells.  Intracellular recordings (i.e., within the cell) were 
conducted by inserting a sharp glass pipette (<1 micron) into the soma and recording membrane potential versus 
time.  Extracellular measurements, i.e., with the sheath still intact, are less invasive and thus more desirable for 
in vivo studies.  Using extracellular suction electrodes, nerve activity was measured (i.e., the combined signal 
representing activity in axons from various neurons).  Individual neurons are distinguished by their signal amplitude 
on the nerve.  For extracellular recordings from a single neuron with the sheath intact, a single electrode was 
lowered over the cell of interest and the time-varying voltage recorded (Fig. 2a).  In all preparations, Aplysia saline 
was used.  Although our ultimate interest is in the B65 and MCC neurons, the neurons B4/B5 were used for 
preliminary studies because they are the most surgically accessible, and our group has extensive experience in 
studying their function.     
 

 



3 Results 
We are currently using diamond electrodes for in vitro recordings and stimulation.  Preliminary, 

extracellular recording and stimulation were conducted from a single neuron, B4 or B5 (two electrically coupled 
neighboring neurons), through the sheath (Fig. 2).  For extracellular recording from B4/B5, a one-to-one relationship 
was observed on the diamond electrode, so that it was clearly recording from one neuron, whereas the suction 
electrode on the nerve recorded two signals, reflecting activity in both neurons (Fig. 2b).  For extracellular 
stimulation, a one-to-one relationship was also observed, indicating that one neuron was stimulated without 
activating neighboring cells (Fig. 2c).  Also, rejection (neural) patterns from a desheathed ganglion were obtained, 
and will be used to identify the B65 neuron for our dopamine studies. 

We are also exploring measurement of serotonin release from the MCC.  The MCC releases serotonin at 
the soma and throughout the buccal mass, including the I2 muscle, the primary muscle for protraction (Ref 5).  
Sutton et al. (Ref. 6) have established that exogenously added serotonin enhances I2’s contractile strength, thus 
indicating that serotonin plays a direct role in the behavioral function of I2.  

In the future, we will integrate FSCV and neural recording at the same electrode; if successful, an array will 
be designed to record from various sites throughout the buccal ganglion, to help map the chemical and electrical 
signals in vivo during a complete feeding behavior. 

 
Figure 1:  Cyclic voltammograms, at 300 V/s in HEPES buffer of (a) 1 nM dopamine and (b) 50 nM serotonin. 

 
 

 
Figure 2:  (a) Schematic of the extracellular stimulation/recording method, with the diamond electrode pressed into 
the sheath over the cells of interest for proper recording/stimulation.  (b) Extracellular recording above B4 or B5.  

The diamond electrode (top) recorded single-cell activity, while a suction electrode on the nerve (bottom) recorded 
activity from both cells.  (c) Extracellular stimulation at B4 or B5 produced a clear signal after stimulation.   
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Abstract 
New experimental data will be presented on hydrogen related complexes observed in as grown and annealed single 
crystal CVD diamond. The data has been obtained using a variety of spectroscopic techniques, but particular 
emphasis will be focused on the results of Infrared Absorption and Electron Paramagnetic Resonance studies, and 
these results will be interpreted in terms of molecular models for interstitial and substitutional hydrogen complexes 
in diamond. It will be shown that much of the accepted wisdom about hydrogen incorporation in diamond must be 
questioned. 

INTRODUCTION 
Hydrogen is an important impurity in silicon and III–V compound semiconductors. Particular interest has been 
focused on hydrogen passivation of donors or acceptors, as well as unwanted deep recombination centres. There is 
an ever-growing body of evidence that under appropriate conditions significant amounts of hydrogen can be 
incorporated in synthetic diamond grown via high temperature and pressure (HTHP) synthesis and chemical vapour 
deposition (CVD). Hydrogen is also a common impurity in natural diamond. Clear evidence for H-related 
complexes in CVD diamond comes from the passivation of boron acceptors by in-diffused deuterium [1]. It is 
reasonable to assume that a detailed understanding of the incorporation and properties of hydrogen in diamond will 
be required to ensure that single crystal CVD diamond emerges as the pre-eminent electronic material for extreme 
applications. Furthermore, an understanding of hydrogen incorporation should be invaluable to those modeling and 
perfecting synthesis, and provide insight into how hydrogen related complexes in natural diamond have evolved. 

INCORPORATION OF HYDROGEN IN CVD DIAMOND 
Recently attention has been focused on the structure and properties of vacancy-hydrogen and vacancy-nitrogen-
hydrogen complexes in diamond detected by Electron Paramagnetic Resonance (EPR) [2,3]. Both these complexes 
have only been observed in CVD diamond. Fuchs and co-workers [4] observed several new absorption features in 
single crystal CVD diamond in the mid and near infrared spectral regions. Isotopic substitution has shown that 
several of these are hydrogen related, and recent work indicates that at high temperatures hydrogen is mobile in the 
diamond lattice and new hydrogen related complexes can be formed [5].  

We will report the results of infrared absorption and EPR studies of hydrogen complexes in as grown and annealed 
single crystal CVD diamond. One of the defects studied in this way is the hydrogen vacancy complex, which has 
been shown to anneal out with an activation energy of 4.3(2) eV, which is comparable to the energy required to 
break a C-H bond. The consequences of this result for the diffusion of hydrogen in diamond will be discussed.  

In addition to the quantitative EPR and infrared absorption measurements we have used uniaxial stress to probe the 
symmetry and electronic structure of hydrogen related complexes which have either or both vibrational and 
electronic optical absorption bands. Particular attention will be focused on the hydrogen related 3107 cm-1 infrared 
absorption band commonly detected in natural, and annealed synthetic diamond. A new model for this centre will be 



presented. This assignment questions much of the accepted wisdom for hydrogen incorporation in diamond and the 
consequences of this identification will be discussed. 
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Abstract 
Nitrogen doped amorphous carbon (a-C:N) thin films were deposited on silicon and quartz substrates by 

microwave surface-wave plasma chemical vapor deposition technique at low temperature (< 100 oC). We used argon 
(Ar), camphor dissolved in alcohol and nitrogen (N) as carrier, source and dopant gases respectively. Optical band 
gap decreased from 4.1 eV to 2.4 eV when N2 gas concentration increased from 0% to 4.5%. The films were 
annealed at different temperatures ranging from 150 to 450 oC in Ar gas environment for 30 min to investigate the 
optical properties of the films before and after annealing. The optical band gap remained constant (2.4 eV) until 150 
oC annealing and beyond that it decreased dramatically to 1.1 eV at 400 oC annealing. The structural modification of 
the films leading to graphitization as a function of the annealing temperature was confirmed by the characterization 
of Raman spectra. 

 
Introduction 

The cost reduction of solar cell and establishment of environmentally friendly production process are very 
important for further spread of photovoltaic technology. Carbon (C) is a material of highly stable, cheap and non-
toxic, which can be obtained from precursors those, are sufficiently available in nature. Furthermore, amorphous 
carbon (a-C) has been an attractive material for the fabrication of photovoltaic solar cells because of its outstanding 
properties such as chemical inertness, high hardness, high electrical resistivity, high thermal conductivity, high 
dielectric strength, infrared optical transparency and optical band gap varying over a wide range from about 5.5 eV 
for insulating diamond to 0.0 eV for metallic graphite 1. Impurity doping, such as nitrogen (N), phosphorus (P) and 
Iodine (I) can modify optoelectronic properties of the films by increasing either the electron or hole concentration in 
the semiconductor device. In addition, structural properties of the films can be changed due to the effect of 
annealing; the ratio of hybridized bonds like trigonal (sp2) and tetragonal (sp3) in carbon film can be tuned by 
appropriate annealing temperature. In this paper, we report the optical and structural properties of N doped a-C (a-
C:N) thin films deposited on silicon (Si) and quartz substrates by microwave (MW) surface-wave plasma (SWP) 
chemical vapor deposition (CVD), a newly developed C thin film deposition method, before and after annealing the 
films. Our experimental purpose is to control properties of the films suitable for solar cell application. 

Results and discussion 
To study the optical characteristics of both the as-deposited and the annealed films, we carried out the 

reflectance and transmittance measurements by UV/VIS/NIR spectrophotometer in the range of 200-2000 nm. The 
absorption coefficient (α) was calculated by the spectral reflectance and transmittance, and the film thickness data. 
The film thickness was measured by Nanopics 2100/NPX200 surface profiler. The optical band gaps were obtained 
by Tauc plot. The Tauc optical band gap (Eg) was obtained from the extrapolation of the linear part of the curve at α 
= 0 by using the Tauc equation, 

 

                                                           (αhν)1/2 = B(Eg – hν)                                                                        (1) 

where B is the density of the localized state constant 2. 



Fig. 1 shows that optical band gap decreased almost exponentially with increasing N2 concentration during 
film deposition. The minimum optical gap is found 2.4 eV when N2 concentration is 4.5 %. This result suggests that 
the doping of N2 during film deposition can reduce the optical band gap to some extent. Chen and Robertson have 
also reported the qualitatively similar effect of N2 doping on optical band gap3. XPS measurement gave information 
of chemical composition in the as-deposited film; the peak position of carbon (C) 1s, nitrogen (N) 1s and oxygen 
(O) 1s are at 281.1 eV, 396 eV and 529.7 eV respectively. The optical band gap (2.4 eV) of our a-C:N film is still 
high for solar cell application. Previous researches showed that annealing of a-C films could reduce the band gap of 
the films4. In order to examine the annealing effects in our films, the films were annealed at different temperatures 
(0 to 450 oC). Fig. 1 shows a plot of optical band gap versus annealing temperature. The optical band gap (2.4 eV) 
remained constant as of as-deposited film until 150 oC annealing, and beyond that it decreased monotonically to 1.1 
eV at 400 oC. Upon annealing, the films would turn to be more graphite like in nature as sp2 bonds start to dominate 
sp3 bonds in the carbon films. Fig. 2 shows Raman spectra of the as-deposited and the annealed a-C:N films. It is 
clear that the broad band of the as-deposited film gradually splitted into two peaks (commonly known as D and G 
lines) with increasing annealing temperature. Moreover, the slight up shift of G line towards higher wave number 
(above 1580 cm-1) indicates that the films progressively changed to graphite in nature and crystalline have a very 
small grain size with increasing annealing temperature 5.Our results show that it is possible to control optical band 
gap of a-C thin films partially by N doping during film deposition and largely by post growth annealing of the films. 
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 Figure 1. Optical band gap versus Annealing 
temperature and Nitrogen concentration. 
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Abstract 
Vibrational spectra for single wall carbon nanotubes, double wall carbon nanotubes, single wall carbon nanohorns 
and C60-peapods have been measured with inelastic neutron scattering in a wide range of energy transfer, 5-220 
meV. A decrease in intensity around 75-100 meV and the appearance of two peaks around 120-125 meV and 150 
meV in the double wall nanotubes and C60-peapods spectra compared to single wall carbon nanotubes and 
nanohorns were observed. These findings indicate the possibility of strong interaction between the walls of the 
double wall carbon nanotube, and between C60 molecules and carbon nanotube of the peapod. 

RESULTS AND DISCUSSION 
Although the existence of varieties of carbon nano-materials has been known for some time, the investigation of 
their vibrational spectra was mainly limited to the use of optical spectroscopy. In spite of the well-recognized 
advantages of inelastic neutron scattering (INS) technique, namely, unrestricted by the selection rules of infrared and 
Raman spectroscopy and accessible to all vibrational modes in the reciprocal space, so far this method was used for 
the study of only fullerens (see e.g. review in [1]) and single-walled carbon nanotubes (SWNT) [2,3]. Here we 
present the INS measurements on a series of carbon nano-materials prepared by MER: SWNT (~14 Å diameter), 
double-walled carbon nanotubes (DWNT of ~25 Å diameter), carbon nano-horns and fullerene-C60 encapsulated 
into SWNT (so called C60-peapods), aiming at the characterization of the vibrational spectra over a wide energy 
scale, from collective motions to localized atomic vibrations.  

The spectrum of nano-horns is similar to that of SWNT (see figure 1), and the latter one agrees with the main 
features reported in the literature. The INS spectrum of C60-peapods and DWNT are very different compared to the 
spectra of both pure SWNT and pristine or polymerized fullerenes. The spectral intensities of the DWNT and C60-
peapods show a strong reduction in the “breathing” modes (normal to surfaces of C60 or SWNT “molecules”) over 
the range of 30-100 meV, and an increase at higher energies toward the “tangential” modes around 110-160 meV; 
exhibiting new excitations at about 120-125 and 150 meV.  

A possible explanation of the observed new peaks at ~120-125 meV and ~150 meV in the spectra of generalized 
vibrational density of states, G(E), for DWNT and C60-peapods is a strong change in the C-C interaction between the 
inner and outer walls in DWNT and between the C60 and nanotube in C60-peapods. Some theoretical models (see e.g. 
[4]) predict the changes of two-dimensional sp2 bonds in cylindrical “graphene” layers in nanotubes of large 
diameter to three-dimensional sp3-like bonds in nanotubes of smaller diameter. A possible change of sp2 to sp2+δ 
(0<δ<1) hybridization in DWNT and C60-peapods would result in spectral changes observed in the present work. 
The features at energies 120-175 meV in the G(E) spectrum for diamond [5] (with only sp3 bonds) show similarities 
with the spectra for DWNT and C60-peapods (see figure 1). 

Work performed at Argonne National Laboratory is supported by the U. S. DOE-BES under contract No. W-31-109-
ENG-38. 
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Figure 1. Generalized vibrational density of 
states, G(E), obtained from INS spectra for 
different carbon nano-materials: 1 – SWNH, 2 
– SWNT, 3 – DWNT, 4 – C60-peapods, 5 - 
high-pressure polymerized C60, 6 - pristine C60, 
7 – graphite, and 8 – diamond. The spectra 1 
to 4 were measured at T=8 K on the direct-
geometry HRMECS spectrometer (IPNS, 
ANL) with different incident neutron energies, 
Ei=280 meV (1-4); 140 meV (1 and 2) and 50 
meV (1, 2 and 4). The spectra for pristine and 
polymerized C60 [6], and graphite and diamond 
([5], the data have been taken from TFXA 
database) are shown for comparison. 
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Abstract 
Nanocrystalline diamond films are of particular interest for the development of Micro/Nano-Electromechanical 
Systems (MEMS/NEMS), microfluidics, SAW devices, electrochemical electrodes, low friction tribological 
coatings etc where the high roughness of thick polycrystalline material or high cost of polished/single crystal 
diamond may be undesirable. In order to be useful for many of the applications listed above however, it is necessary 
to be able to control the conductivity of this material from near intrinsic to semi-metallic. 

This work describes the current status of Boron Doping of nanocrystalline diamond films at the Institute for 
Materials Research, Diepenbeek, Belgium. Highly uniform nanocrystalline diamond films have been grown in an 
Astex 6500 15kW Microwave Plasma System over a wide range of conditions. The effect of the addition of 
Trimethylboron into the gas phase on the electronic properties of these films has been characterised by photothermal 
deflection spectroscopy (PDS), FTIR, Scanning Tunnelling Microscopy (STM), Atomic Force Microscopy (AFM) 
and low temperature Hall effect / conductivity measurements. Scanning Electron Microscopy has been utilised to 
characterise morphology, growth rate and alpha parameter as a function of temperature and trimethylboron 
concentration in the gas phase. Optical emission spectroscopy and interferometry were used in-situ to characterise 
the growth process. 

These films show conductivity behaviour ranging from insulating to semi-metallic conductivity with increasing 
trimethylboron concentration in the gas phase. These films have been used for electrochemical studies. Procedures 
for enhancing the nucleation density of these films will be discussed. 
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Abstract 
Diamond is a promising wide band-gap semiconductor with a strong potential for high-power high-

temperature electronics. There is also great interest in reproducibly obtaining electronic-grade n-type 
semiconducting diamond in connection to applications requiring massive electron transport, especially those 
involving field electron emission and photoemission. 

We recently succeeded in making n-type diamond by sulfur doping1. The films were grown by hot-filament 
chemical vapor deposition (HFCVD) from CH4/H2/H2S gas mixture. With increasing sulfur content in the gas phase, 
the room temperature conductivity2, the room temperature electron field emission properties3, and the thermoionic 
emission at 340°C4, were enhanced.  

Now we are employing the steady-state photocarrier grating technique (SSPG) to measure the 
photoconductivity and ambipolar diffusion length of minority carriers in S-doped microcrystalline diamond (µ-D) 
and nanocrystalline diamond (n-D) thin films synthesized by HFCVD from CH4/H2/H2S gas mixture.  

In this method, two laser beams converge on a section of the sample located between two electrodes 
(Figure 1). If the beams are polarized parallel to each other, they interfere and produce an interference pattern. If the 
sample has a high resistance, the resulting conductivity is the photoconductivity due to that particular illumination 
condition. If the interference pattern’s characteristic size, ∆G, is akin to the diffusion length of the minority carriers, 
the photoconductivity varies as ∆G is varied by changing the angle between the beams. The photoconductivity is 
estimated by measuring the voltage across the resistance R mounted in series with the sample (Figure 1). By 
measuring the voltages across the resistance R when the sample is uniformly illuminated, and when it is exposed to 
interference patterns characterized by different ∆G values, the minority carriers’ diffusion length at a given 
temperature and light intensity can be estimated5.  

The process parameters such as substrate temperature and H2S concentration are systematically varied while 
the CH4 concentration is fixed at 0.3 and 2 % for µ-D and n-D, respectively, to study the corresponding variation on 
the nanostructure and electronic properties. The nanostructure is analyzed using scanning electron microscopy, 
atomic force microscopy, X-ray diffraction analysis, X-ray photoelectron spectroscopy, Auger electron 
spectroscopy, and visible and UV Raman spectroscopy. The results are employed to elucidate the mechanism of 
n-type conductivity in these S-doped diamond films. 

 



 
Figure 1. Steady-state photocarrier grating (left) technique setup; sample’s series circuit (right). 
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The increasing demand for secure, mobile, wireless communications has stimulated interest in technolo-
gies capable of reducing the size and power consumption of wireless modules, and enhancing the band-
width efficiency of communication networks. With frequencies now in the GHz range and Q’s greater 
than 10,000, on-chip vibrating micromechanical resonators measuring only a few tens of microns on edge 
are now well positioned for inclusion into a number of future wireless communication sub-systems, from 
cellular handsets, to PDA’s, to low-power networked sensors. The list of micromachinable materials used 
so far to implement such vibrating RF MEMS devices includes silicon (both single- and poly-crystalline), 
aluminum nitride, zinc oxide, silicon germanium, silicon carbide, and CVD diamond. Among this set, 
CVD nanocrystalline diamond shines as the material that (in combination with polysilicon support struc-
tures) presently holds the record for the highest frequency-Q product figure of merit (equal to 2.75 x 1013) 
of any UHF resonator at room temperature [1]. Needless to say, that diamond’s acoustic velocity is twice 
that of polysilicon is instrumental to achieving such impressive frequency-Q product performance. 

In recent years, however, polysilicon resonators using loss-minimizing geometries (e.g., quarter-
wavelength-supported extensional rings [2]) have begun to close the frequency-Q performance gap, to the 
point where diamond material is no longer needed to achieve the Q’s needed for the advanced communi-
cation architectures made possible by tiny high-Q resonators [3]. Nevertheless, CVD diamond remains a 
very important material for vibrating RF MEMS, mainly due to its likely amenability to fully planar, sin-
gle-chip, post-CMOS integration with transistor circuits. In particular, the thermal budget required by dia-
mond structural material might end up being much lower than that of polysilicon in post-CMOS integra-
tion processes, especially given recent examples of ultra-nanocrystalline films deposited at low tempera-
tures, and given the likelihood that annealing will not be needed to improve material quality, as has been 
the case for polysilicon [4]. 

After giving a brief history of vibrating RF MEMS technology, its recent rapid progression, and the role 
that diamond material has played to date, this paper conveys some of the issues that presently plague pla-
nar MEMS/transistor integration processes and describes how the use of CVD diamond structural mate-
rial might alleviate them. 
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Abstract 
Surface acoustic wave (SAW) devices are critical components in wireless communication systems. In this work, the 
potentialities of nanocrystalline diamond films as high velocity and low propagation losses substrates for high 
frequency SAW devices are investigated from an experimental and theoretical point of view. 

INTRODUCTION 
The high acoustic phase velocity of chemical vapor deposited (CVD) diamond makes it, when combined with 
piezoelectric films such as AlN or ZnO, very attractive for high frequency (GHz range) surface acoustic wave 
devices. However, the processed diamond based SAW devices suffer from relatively low performances mainly due 
to the important propagation losses in polycrystalline structures. According to previous study, the propagation losses 
decrease while the diamond grain size diminishes1,2. Therefore, the very small grain size of nanocrystalline diamond 
makes it an hopeful alternative to the commonly used polycrystalline diamond, as illustrated in preliminary study3. 
In the present work we investigate the structural and electrical properties of nanocrystalline diamond films and their 
potentiality as SAW device substrates by both experimental and theoretical approaches. 

RESULTS 
Very low surface roughness nanocrystalline diamond (NCD) layers were deposited on silicon substrates by 
microwave plasma assisted CVD (MPACVD) process. Both continuous wave (CW) and pulsed wave (PW) were 
employed with Ar/H2/CH4 gas mixtures in order to obtain films of different thicknesses with grain size varying 
between a few nanometers and a few tens of nanometers. The various characteristics of the elaborated films were 
principally investigated through SEM, AFM, TEM, Raman spectroscopy and XRD. 

Highly oriented piezoelectric aluminum nitride films were grown by RF reactive magnetron sputtering on the NCD 
substrates. Aluminum inter-digital transducers (IDT) were patterned by photolithography technique on AlN films or 
at the AlN/NCD interface, depending on the configuration considered for the layered structure. Dispersion curves of 
elastic velocity and electromechanical coupling coefficient were determined for the both structures 
AlN/IDT/NCD/Silicon and IDT/AlN/NCD/Silicon, and for various NCD films properties, from the high frequency 
characterization of the SAW devices. 

The phase velocity (vϕ) was determined from the peak’s frequency fi using the following equation: 

λ
ϕv

fi =  (1) 

where λ is the wavelength of the acoustic wave and is fixed by the spatial periodicity (P) of IDT and the order of the 
considered harmonic (n): 

n
P

=λ  (2) 



The harmonic peak intensities are governed by the metallization ratio of IDT.  

The propagation losses were determined by measuring the insertion losses (αi) of SAW devices showing identical 
geometry except the propagation distance, i.e. the gap between input and output IDT. The propagation loss (p) can 
be then expressed in dB/λ by: 

12

12

gapgap
p

−
−

=
αα

λ  (3) 

where gap1, gap2 and λ are expressed in µm and αi in dB. 

The experimental results are in satisfactory agreement with the theoretical predictions of a model developed for 
layered structures. In particular, they show that a high surface acoustic velocity, close to 104 m/s for some devices, 
may be obtained by using NCD layers. As an illustration, Fig. 1 shows the acoustic velocity estimated on 
IDT/AlN/NCD/Silicon layered structures as a function of khNCD, where k is the wavevector modulus and hNCD is the 
thickness of NCD films. 
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Figure 1: Experimental and theoretical values of the acoustic velocity determined for SAW devices achieved on 
IDT/AlN/NCD/Silicon layered structures as a function of khNCD. 
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Abstract 
An in-situ mechanics study on individual templated carbon nanotubes (T-CNTs) was conducted in a scanning 

electron microscope (SEM, LEO1525), using a MEMS-based tensile testing system.1 The T-CNTs were made by 
pyrolyzing ethylene in alumina nanopore membranes.2  The testing system is composed of a high aspect ratio 
MEMS device with an integrated thermal actuator and force sensing structures.  The device provides well-controlled 
nanoscale displacement and force for loading nanostructures.  Novel approaches have been developed to align and 
mount3 a T-CNT on the two opposing platforms of the testing stage (Figure 1).  A fountain-pen writing technique 
was developed to deposit paraffin for quick clamping of the T-CNT in the SEM by electron beam induced 
deposition (EBID).   

An increasing tensile load was applied to the T-CNT by moving the platform attached to the actuator away from the 
other platform.  High-resolution SEM images were acquired while increasing the load on the T-CNT.  The T-CNT 
eventually fractured without sliding.  The diameter of the T-CNT was measured on the exposed fracture surface of 
the two fracture segments that remained attached to the platform (Figure 2).  The load can be obtained from the 
deformation of the force-sensing beam integrated in the device. This force from the force-sensing beam is obtained 
through FEM modeling and further calibrated with an AFM cantilever operated by a home-built manipulator.  Stress 
concentration due to a non-uniform diameter is speculated as being the cause of the location of fracture.  The stress 
vs strain, Young’s modulus, and tensile strength of several T-CNTs loaded in this way, are being characterized.  The 
experiment suggests the potential use of this home-built testing stage for tensile loading of a variety of nanowires 
and nanotubes. 

We appreciate the support from the ONR (grant No. N000140210870) and the NSF (CMS-0304506).  This work was 
performed in part at the Cornell Nano-Scale Science & Technology Facility which is supported by the NSF under 
Grant ECS-9731293, its users, Cornell University and Industrial Affiliates.   

 

   
Figure 1. SEM images of: (a) MEMS testing stage; (b) a T-CNT aligned across the platforms (thus 100 µm above 
the bottom of the trench between the platforms) of the testing stage shown in (a), and clamped with EBID before 

being tensile loaded. 
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Figure 2. SEM images of: (a) the T-CNT after fracture; (b) one of the fracture surfaces of the T-CNT  

shown in (a). 
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MATERIALS SCIENCE AND PROCESSING STRATEGIES FOR INTEGRATION OF
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FOR PIEZOACTUATED HYBRID MEMS
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Abstract

,

The integration of dissimilar materials and micro and nanofabrication processes need to be

investigated and developed to enable a new generation of multifunctional

microelectromechanical and nanoelectromechanical system (MEMS/NEMS) devices.

Ultrananocrystalline diamond (UNCD) with exceptional mechanical strength, chemical inertness

and tribological performance exhibits great potential as a new high-performance material for

application to MEMS and NEMS.  On a parallel scientific and technological path,

ferroelectric/piezoelectric Pb(ZrxTi1-x)O3 (PZT) thin films has attracted much attention due to

projected applications for intelligent MEMS based on its outstanding piezoelectric and

electromechanical coupling coefficients, easy dipole reorientation and high remnant polarization.

However, PZT exhibits relatively weak mechanical and tribological properties that hinder its

application into MEMS/NEMS devices as a strong microstructural material. Therefore, the

opportunity exists for integrating these two dissimlar materials for fabrication of

piezoelectrically actuated MEMS/NEMS devices. PZT films need to be grown in O2 at high

temperatures (600-700 ˚C) on the UNCD layers to achieve the proposed integration. However,

growth of PZT, at high temperature in oxygen, on UNCD layers, results in chemical etching of

the diamond surface due to formation of volatile CO and or CO2 species. Another critical

challenge lies in the  thermal stress between PZT and UNCD that might cause film delamination,

following deposition and annealing processes. We demonstrate here that a bi-functional TiAl

alloy film can be used as an oxidation barrier and adhesion layer interposed between the PZT and

UNCD layers in combination of using conductive metallic or oxide electrode to achieve a

successful integration of these two dissimilar materials. Low-temperature thin film growth

techniques, including magnetron sputter-deposition for producing the TiAl barrier layer, and

MOCVD to produce PbZrxTixO (PZT) layers, were used to lower the risk of diamond oxidation.

Post-deposition rapid thermal annealing was used to control the crystallography orientation of

the PZT layer, thus its piezoelectric properties. The UNCD films were grown by CVD using an

Ar-rich CH4/Ar plasma chemistry. First PZT-films based capacitors with excellent polarization

hysteresis loops were produced on UNCD structural layers using the integration described above

(see Fig. 1). This result demonstrates the viability of using piezoelectric PZT layers for actuation

of  UNCD-based MEMS devices. Processing for producing piezoactuated PZT/UNCD

cantilevers will be discussed in view of projected applications to the fabrication of

piezoelectrically actuated UNCD-based MEMS/NEMS actuators and sensors.

This work was supported by the DOE-Office of Science-Materials Science, under Contract No.

W-31-109-ENG-38.



Figure 1. (a) Cross section SEM picture of integrated PZT/UNCD films with TiAl diffusion

barrier layer; (b) first polarization hysteresis loop demonstrated for PZT capacitors fabricated on

a diamond (UNCD) layer.

PZT

Pt

UNCD TiAl

-10 -8 -6 -4 -2 0 2 4 6 8 10

-50

-40

-30

-20

-10

0

10

20

30

40

50

 3 V
 5 V
 7 V
 9 V

P
o
la

ri
z
a
ti
o
n
 (µ
C

/c
m2

)

Voltage (V)



CARBON NANOTUBE BASED NEMS AND MODELING  
Changhong Ke and Horacio D. Espinosa  

Department of Mechanical Engineering, Northwestern University, Evanston, IL 60208 

E_mail: espinosa@northwestern.edu  

 

Keywords: Carbon nanotubes, NEMS, nanoswitches, finite kinematics  

Abstract 
Carbon nanotube based nanoelectromechanical systems (NEMS) are nanofabricated and tested. In-situ scanning 
electron microscopy (SEM) measurements of the deflection of the cantilever under electrostatic-actuation are 
reported. In particular, a cantilever nanotube suspended over an electrode (nanoswitch), from which a differential in 
electrical potential is imposed, is studied. The finite deformation regime here investigated is the first of its kind. An 
electromechanical analysis of the characteristics of the device is used to interpret the measurement. The model 
includes the concentration of electrical charge, at the end of the nanocantilever, finite kinematics and the van der 
Waals force. The results reported in this work are particularly useful in the characterization of the electro-
mechanical properties of nanotubes as well as in the optimal design of nanotube based NEMS devices. 

INTRODUCTION 
Carbon nanotubes (CNTs) have long been considered ideal building blocks for Nanoelectromechanical systems 
(NEMS) due to their superior electro-mechanical properties. The CNT-based NEMS reported in the literature, such 
as nanotweezers,1 and feedback-controlled nanocantilever NEMS devices,2 can be simply modeled as CNT 
cantilevers hanging over an infinite conductive substrate. In order to design a functional NEMS device, its electro-
mechanical characteristic should be well quantified in advance. Generally, multi-walled carbon nanotubes 
(MWNTs) can be modeled as homogeneous cylindrical beams and perfect conductors. In this paper, we investigate 
the electro-mechanical characteristics of CNT-based NEMS devices by in-situ scanning electron microscopy (SEM) 
measurement and electromechanical analysis. In particular, a cantilever nanotube suspended over an electrode 
(nanoswitch), from which a differential in electrical potential is imposed, is studied.  

EXPERIMENT  
 

U

 

 

 

 

 

 

 

                                                    (a)                                                                     (b)         

Figure 1 (a) Schematic of the experimental configuration employed in the electrostatic actuation of MWNTs. (b) 
SEM image of the deformed carbon nanotube cantilever at biased voltage U = 40 volt.  

The in-situ electrostatic actuation of CNT cantilever is illustrated in Fig. 1(a).3 A MWNT with length 6.8 µm, 
welded to a 3D manipulator probe by nanomanipulation and electron beam induced deposition (EBID) of platinum 
(Pt), was placed horizontal and parallel to the electrode, which is a piece of Si wafer coated with Au film attached to 
a Teflon block. By focusing on the electrode surface and adjusting the working distance to be the same to that of 
nanotube, a feature on the electrode, which is on the same horizontal plane with the nanotube was located. Such 
feature is schematically marked as a line in Fig. 1 (a). The horizontal distance between the nanotube and the line was 



controlled by the nanomanipulator and set to 3 µm. Because the ratio between the length of the nanotube and the gap 
between the nanotube and electrode is 2.3, the deflection of the nanotube under electrostatic force can be considered 
to be in the finite kinematics regime. With the increase of the applied voltage, the deflection of the nanotube 
increased and the local curvature became substantial.  Fig 1 (b) shows the scanning electron images of the deflection 
of the carbon nanotube when applied voltages U = 40 volts. The feature on the electrode, which is in the same 
horizontal plane containing the cantilever nanotube, is schematically marked as a solid black line in Fig. 1(b). The 
deflection and local curvature of the deflected nanotube can be clearly observed. The pull-in voltage of the nanotube 
cantilever device was measured to be about 48 volts.  

MODELING 
The governing equation of the nanotube cantilever under finite kinematics (just considering bending), is 
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where E is the Young Modulus, I  is the moment of the inertia of the nanotube, w is the deflection of the nanotube, 
is the axis along the nanotube.  is the van der Waals force which can be evaluated by the method reported by 

Desquence, et al.,

x vdwq
4   is the electrostatic force, which can be computed by the capacitance method. The 

capacitance per unit length along the cantilever nanotube is approximated as
elecq

5
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/
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3128501              (2) 

where the first term in the bracket accounts for the uniform charge along the side surface of the tube and the second 
term accounts for the concentrated charge at the end of the tube. Lxx tip ≠= , as a result of the finite kinematics.  

( )xδ  is the Dirac distribution function, R=Rext is the external radius of the nanotube and H is the initial distance 
between the low fiber of nanotube and the ground.  is the distributed capacitance along the side surface per 
unit length which is given by  

)r(Cd

( ) ( )extd RrcosharC += 12 0πε , where r is the distance between the lower fiber of 

the nanotube and  the substrate, and 0ε  is the permittivity of  vacuum. 

RESULT AND DISCUSSION 
The comparison between experimental data and the theoretical predictions shows they are in good agreement. For 
the theoretical predictions, the following parameters were employed: L = 6.8 µm, H = 3 µm, R=Rext = 23.5 nm, E = 
1 TPa. The computed pull-in voltage is 47.8 Volts, which matches the experimentally measured value 48 Volts very 
well. The results from the modeling reveal that, of all the effects contributing to the deformation and pull-in of the 
device, the concentration of charge at the end of the cantilever was identified as the most dominant, with an error of 
13.4 % when its effect is omitted. The finite kinematics effect is less pronounced, with an error of 7.0 % when 
neglected. These errors were computed for the geometry and material examined in our experiments. 

The methodologies reported here are completely general and as such are expected to be useful in the characterization 
of electro-mechanical properties of nanotubes and nanowires, as well as in the optimal design of nanotube based 
NEMS devices. 
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Abstract 
This paper reports on the application of high-sensitivity poly-crystalline diamond (poly-C) 
piezoresistive position sensor in implantable cochlear probe for the first-time. The fabricated poly-C 
sensor, demonstrating a successful integration of diamond and silicon-based microsystems technologies, 
leads to a high intra-grain gauge factor (GF) of 28. The film quality, electrical properties, contact 
resistance and piezoresistivity of the poly-C sensors are characterized to study the dependence of GF 
(from 8 to 70) of poly-C on the fabrication conditions. As the reported GF values for poly-C are in the 
ranges of 7 – 120 [1] and 3000 – 4000 [2] for inter- and intra-grain piezoresistors, respectively, the use 
of poly-C sensors in microsystems is expected to lead to unprecedented applications. 

 
POSITION SENSOR FOR COCHLEAR PROBE 
Cochlear prostheses have been used as a hearing enabling technology to help over 100,000 profoundly 
deaf people by electrically stimulating the cochlear nerve cells with the implanted electrode. The ability 
to measure electrode curvature and position can greatly improve the prostheses performance by 
minimizing any damage to the cochlea as the probe is inserted and achieving better signal delivery [3]. 
While poly-Si piezoresistive sensors have been used in microsystems, poly-C sensor was explored in 
this study due to its high sensitivity using a 12-mask fabrication process employing surface and bulk 
micromachining techniques. Poly-C is an excellent sensor material especially at high temperatures and 
in harsh environments due to its large band gap, and its excellent physical and chemical properties. 
This paper reports a new application of the poly-C thin film as a high-sensitivity piezoresistive position 
sensor fabricated and tested for an implantable cochlear probe.  

 
FABRICATION AND TESTING 
The details of typical probe fabrication process are described elsewhere [3]. A cross-sectional diagram 
of the cochlear probe is shown in Fig.1 (a) to illustrate the integration of poly-C sensors using the 4th 
mask. Diamond-powder-loaded water (DW) was spun on top of silicon nitride dielectric layer to 
provide the seeding for poly-C thin film growth by microwave plasma chemical vapor deposition 
(MPCVD). Poly-C film was patterned using electron cyclotron resonance (ECR) assisted plasma 
etching process as shown in Table 1. A metal stack consisting of Ti/TiN/Al/Ti was used as the 
interconnect layer between poly-C sensor and poly-Si wire with a contact resistivity of 10-3-10-5 Ω*cm2 
between poly-C and Titanium. SEM, AFM and Raman spectra were used to check the quality of poly-C 
and optimize the fabrication process. Fig.1(b) shows SEM pictures of the released structure with 
poly-C position sensors. 
 
For testing, the probe backend was glued on a substrate and got electrically connected by gold wire 
bonding. Strains, applied on the probe by bending the 4 μm thick probe into different curvatures, were 
calculated from corresponding curvature radius and probe thickness (Fig. 2(a)). More poly-C test 
structures were fabricated on oxidized silicon wafers to optimize the seeding densities, sensitivities and 
to study the intra-grain GF. Another seeding method, diamond-power-loaded photoresist (DPR), was 
used to study the GF variation. Fig.2 (b) shows the dependence of poly-C film GF on resistivity and 
grain size. The small grain (0.2 μm) and large grain (0.6 μm) films were fabricated using DW and DPR 
seeding methods, respectively. The result shows that large grain size and high resistivity help improve 
the GF from 7 to 70, but may cause problems related to contact resistance and surface roughness. 
Further study of integrating intra-grain piezoresistors in the probe is expected to increase the sensitivity 
substantially [2]. 



Table 1. Poly-C fabrication & etching parameters 
Poly-C deposition using MPCVD Poly-C dry etching 

H2/CH4 Gas flow (sccm) 200/3 O2/SF6/Ar Gas flow (sccm) 28/2/6 
Trimethylboron doping (sccm) 0.2 - 2 x10-3 Microwave power (W) 400  

Microwave power (kW) 1.6 - 2.4   Pressure (mini-torr) 4  
Gas pressure (torr) 22 - 45  RF power (W) 100  

Substrate temperature (℃) 520 - 780  RF bias voltage (V) -150 
Deposition rate (µm/hr) 0.1 -0.3 Substrate temperature(℃) < 50 

Film thickness (μm) 0.6-1 Etch rate (nm/min)  120 
 

a.) 

Poly-C

Interconnect 
metal

Layer0: LPCVD dielectrics stack
Layer1: LPCVD dielectrics stack
Layer2: LTO
Layer3: LTO

SCP: open contacts on layer1
CON: open contacts on layer2
CCP: open contacts on layer3

Poly-Si Poly-Si Poly-Si
Poly-C

Interconnect 
metal

Layer0: LPCVD dielectrics stack
Layer1: LPCVD dielectrics stack
Layer2: LTO
Layer3: LTO

SCP: open contacts on layer1
CON: open contacts on layer2
CCP: open contacts on layer3

Poly-Si Poly-Si Poly-Si

 

(b) 

Poly-C tip sensor

Contact

Poly-Si 
connect line

Al inter-
connection 

Poly-C tip sensor

Contact

Poly-Si-
wires

Ti inter-
connect

Stimulation 
site

Poly-C Sensor

Poly-Si wires
Poly-C reference sensor

Bondpads &
reference sensors

Position SensorsStimulation Sites

Poly-C tip sensor

Contact

Poly-Si 
connect line

Al inter-
connection 

Poly-C tip sensor

Contact

Poly-Si-
wires

Ti inter-
connect

Poly-C tip sensor

Contact

Poly-Si 
connect line

Al inter-
connection 

Poly-C tip sensor

Contact

Poly-Si-
wires

Ti inter-
connect

Stimulation 
site

Poly-C Sensor

Poly-Si wires

Stimulation 
site

Poly-C Sensor

Poly-Si wires
Poly-C reference sensorPoly-C reference sensor

Bondpads &
reference sensors

Position SensorsStimulation Sites  
Fig. 1 (a) Layer description for the cochlear implant probe with poly-C strain gauges, (b) SEM of the 
cochlear implant probe with poly-C piezoresistive position sensors. 
 

(a)         (b)  
Fig. 2 (a) Testing structure of probe position sensing and the gauge factor result, (b) Relation 
between the poly-C GF and the boron doping level for DPR and DW seeded films. 
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Abstract 
Gogotsi et al.1 reported the synthesis of nano- and micro-crystalline “diamond-structured” carbon films by 

extracting silicon from the surface region of macroscopic silicon carbide samples with chlorine-containing gases at 
ambient pressure and temperatures not exceeding 1,000˚C. This “carbide-derived carbon (CDC) method” has been 
used for the conversion of carbide to nano-crystalline diamond and graphite films on bulk pieces of SiC.1,2 Can 
small diameter silicon carbide whiskers, as the precursor, yield diamond nanowires by the CDC method?  

 
Our second approach to large-scale synthesis of single-crystal diamond NWs is to exploit the epitaxial match 

that diamond has with itself (thus, a diamond substrate), and also with Si and SiC,3-7 and other materials. For brevity 
we provide a few examples. Small diameter and high-aspect-ratio single-crystal Si and SiC NWs with a variety of 
metal particles at their tips are available. Coincidentally, the same metal particles are also catalysts for 
decomposition of hydrocarbons and when present as individual particles, for example on a quartz substrate, they 
catalyze the growth of carbon nanotubes (sp2 carbon). One may ask: as a hydrocarbon decomposes at the metal 
particle at the tip and carbon diffuses through it, will the “typical” situation of carbon nanotube (CNT) growth occur 
(sp2 rather than sp3 carbon)? I have hypothesized that diamond nanowire growth will occur because the growth 
direction of the Si and SiC NWs is such that at the Si or SiC interface with the metal particle there is a perfect 
epitaxial match for growth of diamond. As an analogy, “striped” Si/Ge NWs have been fabricated by alternating 
exposure of a metal-particle tipped NW to silane and then germane.8  

In 1968 Deryagin9 and colleagues claimed to have grown diamond whiskers of multi-micron diameter and 
millimeter lengths by thermal CVD from metal catalyst particles that had been deposited onto a single-crystal 
diamond surface. It was suggested that the growth occurred by the 
vapor-liquid-solid mechanism. A Xenon lamp was used to heat the diamond 
surface, which caused a previously deposited thin film of metal to break into 
small droplets.9-11 Exposure of this material to various hydrocarbons led to the 
reported growth of diamond whiskers with multi-micron diameters and even 
millimeter lengths. Our experimental control and theoretical insights, as well as 
our abilities to analyze size, composition, and structure have, of course, 
advanced significantly since the 1960’s. Thus, deposition of small metal 
particles by a variety of methods onto single-crystal diamond facets is called for. 
An example is provided in the figure to the right, which shows a single crystal 
diamond inserted into a stainless steel holder we fabricated. We propose 
extending these efforts to syntheses from epitaxial-matched substrates, among 
them Si and SiC. Should these methods yield diamond nanowires, we propose 
using diamond or SiC micron-scale powders, which we know from SEM 
analysis contain highly faceted particles. By decorating such powders with small 
catalytic particles, diamond NW growth may occur on those facets that are epi-matched to diamond. Perhaps this 
could provide a route to production of commodity levels of diamond.  

Figure 6. A single crystal 
diamond inserted into a 
stainless steel holder. 
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Abstract 
We will discuss recent studies of the nanotribological properties of carbon-based thin films, particularly 
nanocrystalline diamond, tetrahedral amorphous carbon, and diamond-like carbon. By using atomic force 
microscopy for nano-scale friction measurements and surface spectrosopy techniques for detailed chemical and 
structural studies, we are able to demonstrate that the carbon bonding configuration (sp2 vs sp3 hybridization) 
and chemical termination of the surfaces has a strong effect on nanoscale friction and adhesion. We will 
present these results and discuss their potential impact for nano-, micro-, and macro-scale applications. 
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Abstract 
High performance diamond and amorphous carbon thin films are attracting interest as candidate 
materials to enhance the tribological characteristics of mechanical components ranging in size from the 
macroscale to the nanoscale.  These materials have been studied extensively at the macroscale, and the 
resulting tribo-mechanical properties measured have been shown to be excellent.  However, at the micro- 
and nanoscale, little is known about the tribological properties and how they are affected by the chemical 
environment.  By studying specific forms of self-mated diamond and amorphous carbon materials at the 
nanoscale, we have gained fundamental insights into how differences in bonding structure, film 
microstructure, surface chemistry, and chemical environment produce different nanotribological behavior.  
We have investigated three carbon-based thin film materials:  ultrananocrystalline diamond (UNCD)1, 
diamond-like-carbon (DLC)2,3, and tetrahedral amorphous carbon (ta-C)4.  To investigate the surface 
properties, we have conducted extensive surface characterizations studies using surface spectroscopy 
and surface microscopy techniques.  To understand the surface chemistry of these materials, we utilize 
near edge x-ray absorption fine structure (NEXAFS) spectroscopy to determine the chemical composition 
and the nature of the bonds at the surface.  To understand the corresponding nanotribological properties, 
we utilize the atomic force microscope (AFM) to measure the work of adhesion and the frictional forces for 
self-mated interfaces of the materials of interest. This involves a significant and novel effort to create 
custom-made AFM tips coated or fabricated from the carbon-based materials under study.  
Consequently, we find that the nanotribological properties depend sensitively on the surface chemistry 
and bonding.  In the case of UNCD, we can reach the van der Waals' limit of adhesion by terminating the 
surface with hydrogen, and we find that adhesion and friction are lower than for silicon self-mated 
interfaces.  For DLC, we find that as relative humidity increases, friction increases monotonically, but the 
work of adhesion remains constant.  We also find that dopants (specifically, fluorine and silicon) affect 
nanoscale friction and adhesion of DLC.  The results from the ta-C studies demonstrate how bonding 
structure and nanotribological properties of the film can be correlated.  We will discuss how our results 
can be used to tailor the surfaces of these carbon-based materials to optimize their tribological response. 
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US Department of Energy, BES-Materials Sciences, under Contracts DE-FG02-02ER46016 and W-13-
109-ENG-38. 
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Abstract 
We report the mechanics of carbon nanoplates, particularly their variable elastic constants (or moduli). 

Using a combination of molecular statics and density functional theory based ab initio calculations, we show that (1) 
the elastic moduli of carbon nanoplates vary with their thickness; (2) the variation depends on surface 
reconstruction; and (3) the variation depends on alignment of atomic bond chains. Through contrast and comparison 
with silicon nanoplates, face-centered-cubic nanoplates, body-centered-cubic nanoplates, and hexagonal-close-
packed nanoplates, our studies reveal several controlling factors of the elastic moduli. They are the bond loss, the 
bond saturation (or electron redistribution), the surface reconstruction, and the atomic bond chain alignments on 
surfaces.  
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Abstract 
A microfluidic atomic force microscope (AFM) probe has been developed to achieve sub-100 nm patterning in a 
fountain-pen fashion. This probe chip, called nano fountain probe (NFP) chip, consists of a volcano like dispensing 
tip, integrated microchannels, and an on-chip reservoir. Features of as small as 40 nm wide have been patterned with 
an ink solution fed in the reservoir to experimentally demonstrate the feasibility of sub-100 nm patterning in 
fountain-pen mode. Direct-writing of alkane thiols as ink molecules on Au surfaces has been used to pattern self-
assembled monolayers (SAM) as is used in dip pen nanolithography (DPN). Integration of alternative tip materials 
such as diamond or silicon carbide will be pursued to improve wear resistance of the tip for longer probe lifetime. 

INTRODUCTION 
Dip-pen nanolithography (DPN) is a maskless, direct-write means to transfer molecular ink coated on a tip, which is 
located at the free end of an AFM cantilever, to a substrate [1]. Feature sizes less than 15 nm are routinely generated 
by molecular self assembly of the ink on the substrate. One of the limitations in the DPN technique is the need for 
replenishing molecular inks if exhausted. Nano fountain probe is an AFM probe with integrated microfluidic system 
that allows continuous ink feeding in DPN. This probe is configured on a single chip that can be mounted in 
commercially available AFMs (Figure 1) [2, 3]. Ink solution is fed onto the on-chip reservoir and capillary action 
drives the solution through the microchannel to reach the dispensing tip (Figure 1). 

EXPERIMENTS 
Ink delivery from the on-chip reservoir through the microchannels was investigated by filling the reservoir with a 
solution containing alkane thiols, and subsequently observing the channels using a transmission microscope. Writing 
and imaging capabilities were also tested through patterning and imaging alkane thiol SAMs on Au surfaces. 

Microfluidics: reservoir to microchannel 
A solution of 16-mercaptohexadecanoic acid (MHA) in ethanol was fed to the on-chip reservoir. The optical 
micrograph shows that the channels are completely filled with the solution (Figure 2).  

Writing and imaging 
Patterns with line widths as small as 40 nm have been successfully generated using a nano fountain probe. In this 
experiment, the ink, a solution of MHA in ethanol at concentration of 1 mM, was supplied via the on-chip reservoir 
to the dispensing tip by capillary action. After the tip was brought into contact with a gold substrate, the molecules 
were transferred to the substrate creating features as the tip was laterally moved along a pre-programmed pattern 
(Figure 2b). 

CONCLUSIONS 
Nano fountain probes have been microfabricated for fountain-pen mode patterning. The functionality of the 
microchannel of the probe has been experimentally demonstrated. Writing and imaging experiments show the 
feasibility of sub-100 nm patterning in fountain-pen mode. 

 



 
Figure 1. (a) Schematic of the device. With an ink solution placed on the reservoir, the solution fills the channel 
by capillary action to reach the end of the dispensing tip. Molecules are transferred by diffusion from the liquid 
interface to a substrate through diffusion process and water meniscus. Scanning electron micrographs of (b) five 
nano fountain probes on the chip, and (c) the reservoir side of the chip. Scanning electron micrographs of (d) 
cross-section of a cantilever showing embedded microchannels, and (e) a volcano tip at the end of the cantilever. 

 

   
Figure 2. (a) Optical micrograph of a cantilever with a microchannel defined along the edge and a dispensing tip. 
The image was taken when the solution started to dry to make the filled part distinguishable. (b) Lateral force 
image of MHA molecules deposited onto a Au substrate by the nano fountain probe. The line width of the pattern 
is 80 nm. Both writing and imaging were performed with the same probe. 
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Diamond has many superior characteristics, which is promising to be applied in electrical applications. However, 
realized products are quite few and the volume of products is still very small. It is common sense that the difficulty of 
realization is caused by diamond’s price. hard machinability and infantile controllability of diamond itself.  

Many recent research results brought us to recognize the progress of controlling diamond quality both bulk and thin 
film. Additionally, the controlling of diamond surface, which gives some superior characteristics of diamond, made 
promising the wide application of diamond such as electron emission, bio application etc. As the result of such 
progress, target of development for diamond products looks hopeful because the advantage of diamond may be 
easily confirmed. 

On the other hand, issues related on production have not yet been dissolved and choosing of development target is 
still very difficult caused by the hard estimation of production cost. One of the most important materials for electrical 
application is “wafer”. As the fabrication line of diamond products may not be exception, using of wafer is the 
necessity, hopefully larger than 3-inch wafer. Current largest single-crystalline diamond, in commercial, is 10x 
10mm and the price of it is more than 10 times than other semiconducting materials. However, we can obtain 
poly-crystalline wafer with the size of 2 or 3 inch and their price look reasonable. Moreover, nano-crystalline 
diamond gives us to obtain less expensive wafer if you do not need finished surface. 

Micro machining technology of diamond has progressed in these several years by using of dry etching process and 
the nano-scale diamond can be obtained. However, macro-scale machining, such as polishing and cutting, is still 
very hard and costly. Thus, the fabrication process of diamond devices looks to be incomplete. 

The author will summarize current status of electrical application of diamond and will present the target of 
development for real production process. 
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Abstract 
Diamond is expected as a next generation semiconductor for high power and high frequency applications. In this 

study, diamond MISFETs have been fabricated on H-terminated B-doped diamond to increase the maximum drain 
current and transconductance. For 1-µm-gate-length MISFETs, the high IDmax of more than 230 mA/mm and the 
high gm of 65 mS/mm have been obtained. Concerned influences on drainconductance and buffer leakage are not 
observed. Diamond MISFETs using naturally oxidized aluminum as the gate insulator have been also demonstrated. 
The excellent subthreshold characteristics of 95mV/dec and the low gate leakage current less than 1E-6A/mm2 are 
obtained.   

1. INTRODUCTION 
Wide bandgap semiconductor diamond has excellent material properties such as highest thermal conductivity (22 

W/cmK), high break down field (107 V/cm) and low dielectric constant (5.5). Figures of merit (FOM) of diamond 
are extremely high. For example, Johnson’s FOM of diamond is much higher than that of other materials even in 
wide-gap materials; that is 100, 2.6, 2.5 times of Si, SiC and GaN, respectively. Therefore diamond is expected to 
realize high-frequency and high-power device. 

The surfaces of diamond films deposited by plasma- assisted chemical vapor deposition (PACVD) are terminated 
by hydrogen. The hydrogen-terminated (H-terminated) surface exhibits p-type. This H-terminated surface 
conductive layer is suitable for the channel of field-effect transistors (FETs) because of the following excellent 
properties. 1) The sheet density of holes is as high as 1013 /cm2. The carrier density is constant in the temperature 
range from 150 K to 400 K because of the low carrier activation energy of less than 50 meV. 2) The carriers are 
confined in a thin subsurface region of less than 10 nm thickness. 3) The H-terminated surface exhibits a low density 
of surface states (less than 1011 /cm2), which might be due to the termination of surface dangling bonds by the 
hydrogen atoms.  

2. MISFETS ON B-DOPED DIAMOND SUBSTRATES 
Good DC and RF performances of diamond FETs on H-terminated diamond which has the resistivity of 10kΩ/sq 

and mobility of  100 cm2/V·sec  have been reported. Up to now, the drain current over 200mA/mm [1] and the cut-
off frequency over 20GHz [1,2] have been obtained. However, the carrier density or mobility of H-terminated 
diamond films are difficult to control. In addition, due to the shallow channel of the surface conductive layer, the 
maximum current density of the FETs reaches MA/cm2, this large current density decrease reliability of the diamond 
FETs. In this study, we developed the diamond MISFETs on H-terminated B-doped films to improve the 
transconductance and the maximum drain current by means of increase of the channel mobility and the thickness of 
the current flow. 

Diamond MISFETs using calcium fluoride (CaF2) as a gate insulator are fabricated on H-terminated lightly B-
doped diamond films. The carrier concentration, film thickness and Hall mobility of the film are 5×1014 cm-3, 
200nm, 379 cm2/V·sec, respectively. The DC output characteristics of a 1µm gate length MISFET is shown in 
Figure 1. The maximum measured drain current is IDmax = 230mA/mm at VGS = -3V. The maximum gm is 65mS/mm. 
Those values are relatively high for 1µm gate length MISFETs. For this device because the aspect ratio of the gate 
length to B-doped layer thickness is 5, which value is enough to suppress the short channel effect for GaAs devices, 
serious buffer leakage doesn’t occur. In saturation region, high gm/gd ratio of 130 is obtained due to the low 
drainconductance of 0.5mS/mm. The cut-off frequency and the maximum frequency of oscillation of the 1µm gate 
length MISFET are, respectively 4GHz and 10GHz, respectively. 



3. MISFETS USING NATURALLY OXIDIZED ALUMINIUM 
For high power transistor application, reduction of the gate leakage current is important to improve efficiency, 

self-heating and reliability. High-k and stable gate insulator is needed to reduce the gate leakage current. Recently, 
new gate insulator materials such as aluminum or hafnium oxides are well researched for next generation CMOS 
application. However, these oxide insulators have generally high melting point (>1800°C) and are deposited by 
sputter coater or chemical vapor deposition. To prevent surface damage such as oxidation or defects, which make 
the resistivity of H-terminated surface high, these processes cannot be adapted diamond MISFET fabrication process. 
The natural oxidized aluminum is one of the promising gate insulator materials to meet the problems. 

Evaporated aluminum on H-terminated undoped diamond film is oxidized in oxygen environment at room 
temperature. Using aluminum as a gate electrode, a 0.5µm gate length diamond FETs are fabricated. Figure 2 shows 
subthreshold characteristics at VDS = -50mV. The minimum subthreshold factor is 95mV/dec, which value is one of 
the best for sub-micron gate diamond MISFETs at present. The gate leakage current is as low as 1E-6A/mm2 
without dependence on polarity of gate swings, indicating the naturally oxidized gate insulator suppress the gate 
current. 
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Figure 1. DC output characteristic of a 1µm
gate length MISFET with 50nm CaF2 gate 
insulator.
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 Electron beam generated by a carbon nanotube coated cold cathode was used to control a pseudospark plasma 
switch for high-voltage and high-current pulsed power applications. A pseudospark switch operating at pressures of 
10-30 mTorr has been designed and tested successfully.  

 Pseudospark plasma switches operate at low pressure-gap distance (p-d) products on the left hand side of a Paschen 
curve, like a thyratron tube, but have a much simpler construction (See Figure 1). Unlike streamer electrical 
breakdown in high pressure arcs that can cause often severe localized electrode erosion, pseudospark causes less 
electrode erosion while maintaining the capability of withholding high voltage and delivering high current. A 
pseudospark switch consists of two conductive metal electrodes in the shape of cups with holes at the center and 
surrounded by a good electrical insulator. The empty areas within the device contain gas at low pressures, typically 
between 25 and 100 mTorr. The typical dimensions of the holes and the spacing between the electrodes are between 
2-5 mm. As the pressure drops and the p-d product decreases further towards the left-hand side of a Paschen curve, 
the mean free path for electron collisions with gas particles increases, the probability for electron impact ionization 
of gas particles in the 2-5 mm gap between two electrodes decreases, and a spark does not form in the gap between 
the two electrodes. Instead, a discharge may occur between the inside surfaces of the two hollow cup-shaped 
electrodes and flows through the holes at the center of the electrodes. 

 In order to convert the pseudospark gap into a good electrical switch to withhold high voltage and deliver high 
current an effective method for precise control of the switch is needed. These methods aim at releasing as large as 
possible a number of electrons inside the hollow cathode or near the volume between the cathode and the anode so 
that these electrons can multiply rapidly by electron impact ionization of gas particles under the acceleration by a 
very strong electric field. Electron multiplication causes plasma to be initiated, allowing the transition of the gas 
from its insulating state to the conducting state so that electrical current can flow with little resistance.  

 To optimize the operation of a compact high-voltage and high-current switch for repetitive pulsed power 
generation, a high-performance switch must have (i) low statistical delay jitter so that multiple switches can operate 
in parallel with precise timing, (ii) low delay time for fast turn-on of the switch, (iii) high repetitive rate, and (iv) a 
long life for the switch.  

 A Pseudospark switch with a carbon nanotube coated cold cathode as an electron beam source for controlling the 
switch is shown in Figure 1 (a). It consists of two conductive metal cups, which serve as two electrodes of the 
switch, with 3 mm diameter holes drilled at the center of the cups. The dimensions of the cups are 15 mm high and 
18 mm in diameter. The copper cups are surrounded by a quartz tube with bottoms of the cups facing each other and 
having a gap between these two electrodes about 2 mm wide. A voltage is applied between the lower cup (the 
anode) and the top cup (the grounded cathode). The cathode is closed up with an aluminum plate with a 1 mm 
diameter hole to allow the injection of electrons into the hollow cathode. The cold cathode is a piece of silicon 
coated with thermal CVD multi-wall carbon nanotubes which are separated from the grounded aluminum plate by 
glass spacers of 350µm thick. The hole in the aluminum plate can be either aligned with the holes in the metal cups 
along the axis of the device or off-set by a distance.  

 Gas was fed into the Pseudospark to establish the desired gas pressure while the carbon nanotube coated cold 
cathode was maintained at a lower pressure by means of differential pumping through the 1 mm diameter hole on 
the aluminum plate that separates the carbon-nanotube cold cathode and the hollow cathode. The setup is pumped 
down to a base pressure of about 1×10-6 Torr before gas is fed into the Pseudospark gap. The gas flow rate is varied 
and the gas pressure inside the Pseudospark gap changes as a result between 10 and 40 mTorr.  



 Shown in Figure 1 (b) are the minimum electron beam current that is required to turn on a test pseudospark filled 
with argon gas as a function of the voltage applied between the hollow cathode and the anode. The required electron 
beam current injected from a carbon nanotube cold cathode for triggering the switch is only hundreds of nano-
Amperes for an applied voltage well below the typical self-breakdown voltage of a Pseudospark. This electron 
current decreases with increasing applied voltage. Unlike thermionic electron sources, carbon nanotube cold 
cathodes do not need additional heating for electron emission and allow simplified design of the switch as well as 
little delay time. Moreover, the electron beam source is capable of providing a large supply of initiatory electrons, 
which help to reduce the statistical delay time (jitter) of the switch. This is highly desirable for fast and precise 
control of plasma switches.  

 In summary, application of carbon nanotube coated cold cathodes for high-voltage, high-current, plasma switches 
for pulsed power applications is reported. The demonstrated cold cathode triggered Pseudospark switch is free from 
severe thermal management difficulties unlike switches relying on thermionic electron emission for triggering, 
requires only a low voltage and a low electron current emitted from carbon nanotubes for turning on a high-voltage 
switch, and is very compact while potentially capable of controlling a very high-voltage when gases such as 
hydrogen instead of argon used for this test device are used to fill the switch, e.g. 100 kV, and high-current, e.g. 100 
kA, pulsed power system using a stacked and parallel connected multiple Pseudospark switch package.  
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Figure 1. (a) Schematic representation of a pseudospark switch and the computer simulated electron trajectories and 
electrical potential contours. (b) Electron beam current supplied by the carbon nanotube coated cold cathode that 
was required to turn on the pseudospark switch filled with argon gas at 30 mTorr at an applied voltage between 1kV 
and 4 kV.  



Nanocrystalline Diamond pn - Structure grown by Hot-Filament CVD 
 

T. Zimmermann*, K. Janischowsky, A. Denisenko, M. Kubovic, E. Kohn 
University of Ulm, Department of Electron Devices and Circuits, Germany 

* tom.zimmermann@ebs.e-technik.uni-ulm.de 
 

D.M. Gruen 
Materials Science Division, Argonne National Laboratory, USA 

 
Keywords: HFCVD, diamond, NCD, pn structure, diode 
 
Abstract 
 
Conducting diamond is generally p-type doped by boron, n-type doping still being hindered by very high activation 
energies. Thus, the lack of shallow donor doping has prohibited the realization of diamond bipolar structures of 
technical relevance. In contrast, ultra-nano-crystalline diamond (UNCD) can be n-type doped with low activation 
energy [1]. In the past, such n-type UNCD films have been deposited onto p-type single crystal diamond resulting in 
highly rectifying pn-diode characteristics [2].  
 
The question addressed in this investigation is the following: can n-type conduction also be obtained in NCD layers 
with grain sizes in the order of 10 nm up to 100 nm, which is a commonly used material grown by MPCVD as well 
as HFCVD on large area surfaces. In contrast to UNCD, where Ar and C2 are mostly used as precursors, NCD is 
normally grown by CH4-chemistry and α-parameter engineering. Nitrogen is used in some cases, however mostly to 
adjust the α-parameter, not for n-type doping. If n-type doping of NCD can be obtained, this may allow in 
conjunction with boron doping to fabricate pn-junctions entirely in NCD.  
 
In this study such a pn-doped structure has been grown by HFCVD (on Si). After nucleation by BEN a highly 
insulating NCD layer has been grown in a H2/CH4/N2 mixture, serving as buffer layer. A p+ contact layer was then 
deposited in a H2/CH4 mixture with boron added as trimethyborate. The active layer was created by a nominally 
undoped i-layer with an un-intentional boron background concentration in the order of 1018 cm-3. This active layer 
has then been covered with a heavily nitrogen doped NCD layer.  
 
Hall measurements of the heavily n-type doped NCD layer resulted in clear n-type conduction with an electron 
concentration of 3 x 1019 cm-3 and an electron mobility of approx. 7 cm2/Vs, similar of what has been observed for 
UNCD. Hall analysis of the p+ contact layer resulted in a hole concentration of approx. 6 x 1020 cm-3 and a hole 
mobility of approx. 0.6 cm2/Vs. Thus in fact a pn-junction has been created. First diode IV-characteristics are indeed 
rectifying (see fig. 1). In attempt to compare these characteristics with the case of a single-crystal / nano-crystal 
junction [2] will be presented.  
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Figure 1.  IV characteristics of NCD pn structure 
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Abstract 
Electronic structures based on thin films of nanocrystalline diamond are described as well as their electrical 
properties. Polycrystalline diamond films with thickness between 0.25 µm and 1.0 µm and with average grain sizes 
of 300 nm and less are formed by microwave plasma assisted chemical vapor deposition. Electrical properties of 
free standing diamond films and of substrate mounted films are measured over a wide range of voltages with two-
terminal electrical contacts to the growth side and nucleation side of the film. Depending on the type of electrical 
contacts, the rectification ratios of two-terminal structures range from 1 to 11,000.  

INTRODUCTION 
Thin diamond membranes and free-standing sheets are of interest for a variety of potential applications. A recent 
report has described methods for obtaining flexible free-standing diamond films that can be applied to a variety of 
substrates, and mechanical properties of such films.1 Given the potential advantages of diamond for electronics, such 
diamond films may be considered as flexible materials for electronic applications. This paper describes initial 
experiments on the electrical properties of structures based on these films. 

EXPERIMENTAL METHODS 
The undoped diamond films were deposited by microwave plasma assisted chemical vapor deposition on p-type 
silicon wafers that had been nucleated by polishing with diamond powder. The resulting film thickness ranged from 
0.25µm to 1 µm and rms surface roughness values ranged from approximately 15 nm to 25 nm. After diamond 
deposition, post processing was used to form 2-terminal electrical structures with one electrical contact on the 
growth side and the other on the nucleation side of the film.  

Metallization studies in this work included indium, gold, titanium/gold, graphite based paint, zirconium, silicon, and 
pressure contacts against tungsten, platinum, and stainless steel.  A variety of sample configurations were 
investigated. Metallization was performed on diamond film supported on the original silicon substrate and also on 
free-standing diamond.  For the latter, the silicon substrate was removed by back etching and the diamond film was 
transferred to a different structure. An example of a two terminal structure using a free-standing diamond film is 
shown in Fig. 1.  In this case, metallization on both sides of the film is by means of semi-transparent gold contact 
and the diamond film is approximately 1 µm thick. 

RESULTS 
The current voltage characteristics of structures such as shown in Fig. 1 are symmetrical, or nearly symmetrical for 
positive and negative voltages. At low electric fields the characteristics are linear with a slope corresponding to a 
conductivity of 1.1 x 10-11 (Ω-cm)-1. At high electric fields, the conductance is electric field activated and well-
modeled by the Poole-Frenkel equation as  

σ = σ 00 +σ 0eαE           [1] 

with σ00 = 1.1 x 10-11 (Ω-cm)-1 and =α 1.0 x 10
-5 

cm/V. Thus, while the structure is highly resistive at low applied 
bias, appreciable current can flow at higher biases. 

Fig. 2 shows an example of the current-voltage characteristics for a rectifying device, in this case a structure with a 
Zr contact (diameter = 450 µm) on the growth surface of a 0.25 µm thick diamond film still attached to the p-type 
silicon substrate. With negative voltage on the Si electrode, small reverse-biased currents are observed. With 



sufficient positive voltage on the Si electrode the field activated conductance is sufficient to allow appreciable 
forward current with a rectification ratio (IFORWARD/IREVERSE) of 1.1 x 104 at a bias of 80 V. The saturation at 20 mA 
seen in Fig. 2 is due to the current limitations of the measuring device. 

SUMMARY 
Two terminal electric structures that incorporate undoped nanocrystalline diamond have been investigated with 
symmetric and asymmetric electrodes and with free-standing films and substrate attached films. With rectifying 
electrodes, significant rectification ratios can be observed at high bias due to field activated conduction in the 
diamond. 
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Figure 1. Example of free-standing, diamond film structure with symmetric gold contacts. 
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Figure 2. Example of current-voltage characteristics of a rectifying structure with asymmetric contacts consisting 
of Zr/diamond/Si (positive polarity relative to silicon). 
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Abstract 
Future generation of electronic devices made by carbon nanotubes may critically depend on how the junctions 
between different nanotubes can be manufactured.  Thin single-walled carbon nanotubes (SWNTs) could be welded 
together by heating to form molecular multiterminal junctions at elevated temperature without initially introducing 
structural defects such as vacancies and interstitials. This was demonstrated by classical molecular dynamics 
calculations with empirical Brenner potential to simulate the dynamic formation pathway of junctions between 
crossing nanotube pairs. Junctions are established through forming new intertube sp3-like covalent bonds, followed 
by breaking up bonds in the original nanotubes. The final configuration of junctions depends on the diameter of 
SWNTs, chirality of the crossing tube pairs, initial intertube distance and temperature. The size of SWNTs also 
affects the minimum temperature for junction formation. The larger the diameter, the higher the welding temperature 
will be needed. Formation energies of X-shaped junctions have been systematically studied, which shows clearly a 
size effect. This size effect may be due to the strain energy of small nanotubes and the energy required for defect 
formation in SWNTs.  For example, the formation energy of a Stone-Wales (SW) defect in SWNTs is a function of 
the diameter of SWNTs.   This was demonstrated by a first principle calculation based on the extended Hückel 
method.  The formation energy of SW defects was fitted to a simple formula as a function of the tube radius and the 
orientation of a SW defect in the tube, which provides a convenient tool for the study of thermodynamics and 
kinetics of SW defects in SWNTs.  This work was partially supported by research grants from The Hong Kong 
Polytechnic University (A-PE54) and Research Grand Council of Hong Kong (PolyU 5306/03E). 
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Abstract 

We have grown multi-walled carbon nanotubes by chemical vapor deposition on two types of gated 
structures, one containing a silicon post, another having an open aperture. Threshold below 20V and 
emission current up to 1 mA at 40V (from 0.5 mm2 area) have been measured. Highly stable emission 
with a notable lack of electrical arcing have been observed.  Emission was enhanced by ambient water 
vapor and hydrogen and was unaffected by xenon. Operation in 10-4 Torr hydrogen regenerated emission 
many folds from emitters degraded from operation in oxygen. Electron energy distributions reveal a 
current saturation phenomenon at energies just below the Fermi level, suggesting a limit in electron 
transport at the emission site. A gate current to anode current ratio of 2.5%, the lowest of any nanotube 
field emitter arrays (FEAs), was measured for the open aperture configuration. 

INTRODUCTION 

Carbon nanotubes (cNT) satisfy many demanding requirements for field emission, including stability, long 
lifetime, low voltage, high current-carrying capacity and mechanical strength. A key factor to their stability 
as field emitters is the lack of a nonvolatile surface oxide. Surface dielectrics such as oxides on 
conventional metal and silicon emitters could be the main cause for FEA catastrophic destruction by 
trapping charge which could lead to arcing 1. Their small diameters (2-50nm) and high aspect ratios 
enable the high electric field enhancement for low voltage operation, despite the relatively high work 
function (~5.0 eV for graphite), which affords them a high degree of chemical inertness. Gating of cNT 
emitters has been undertaken only within the last five years, using two general approaches of patterning 
cNT paste or CVD growth of cNTs inside gated structures. The use of chemical vapor deposition (CVD) 
allows the nanotubes to be grown in much smaller micro-gated structures, thereby enabling lower 
operating voltages, much higher cell packing densities and total current densities. 

EXPERIMENTAL 

A nanotube FEA cell of our Type I configuration consists of CVD grown nanotubes on top of a gated 
silicon post centered in a 2.5 micron diameter gate aperture (See fig.1 of ref. 3). The growth starts with 
sputter deposition of a catalyst over a silicon-on-post FEA (with blunt post tips) from MCNC2  and its 
preferential removal from areas except the top region of the posts. The nanotubes are grown using hot 
filament-assisted3 or DC plasma CVD using C2H4 or C2H2 with NH3.  In Type II emitter cell configuration, 
nanotubes were grown on the sidewall of an oxide spacer lining a gated open aperture4 with a 1.5 micron 
diameter (See fig.2 of ref.4). The catalyst was removed from the top surface by glancing angle ion beam 
sputtering prior to nanotube growth. A single gated array consisted of up to many thousands of cells for 
Type I emitters and only up to 40 cells for Type II emitters. Emission measurements (current-voltage, 
current-time, energy distribution) were carried out under UHV conditions (base pressure 10-10 Torr). 

RESULTS AND DISCUSSION 

The absence of arcing is one of the most prominent properties we have observed for these nanotube 
emitters, which we believe is due to the lack of a surface dielectric. This represents a major advantage 
over the conventional FEAs. Nanotubes can burn out but neighboring cNTs can keep on working. We 
observed emission at much lower voltages than those for conventional Mo and Si tip FEAs with 
comparable gate aperture diameters. For example, we obtained 1 mA emission at 40 volts gate voltage 
from a 0.5 mm2 area of a Type I emitter array consisting of 30,000 cells. Good emission stability with few 
percent short term noise has been observed.3 However, Type I emitter arrays exhibit a significant fraction 
of total current in gate current (leakage and interception) due to unfavorably aligned nanotubes in the cell. 



We anticipate improvement by fabrication optimization such as better catalyst placement and aligned 
growth.  

Dosing Type I emitter with H2O vapor increased the emission up to an order of magnitude. This 
enhancement effect is consistent with observations by Dean and Chalamala5 and could be attributed to 
the H2O -nanotube surface dipole, which reduced the effective work function. 

The effect of operating the emitter array in Xe gas ambient is of interest for Hall effect and ion thrusters 
for small satellites. We operated an array of our FEAs at a pressure of 10-5 Torr (the pressure used in 
thrusters) at 33 V gate voltage in DC mode for 15 hours without degradation in emission. The main 
contributing factor was the low voltages enabled by nanotubes, resulting in low ion energies and 
negligible sputtering. 

Operating the emitter arrays at temperatures up to 700C has resulted in significant enhancement in 
emission, likely due to thermal effects on the Schottky barrier at the nanotube-silicon interface. This effect 
suggests that these emitters could be used for high temperature electronics applications such as 
switching devices in engines. 

Prominent features of measured electron energy distributions include current saturation at an energy just 
below the Fermi level and the lack of significant shift in the leading edges as the gate potential (or 
current) is changed, the latter suggesting no significant potential drop in the contact (hence a good 
contact). During field emission, the already very low density of states near the nanotube Fermi level could 
become deficient of electrons because of insufficient rates of charge transport to refill them. This 
condition could result in the observed emission current saturation. 

Emission from Type II nanotube emitters contrasts from Type I in that the gate current is only 2.5% of the 
anode current, the lowest observed to date for microfabricated gated nanotube emitters. We believe a 
contributing factor is that nanotubes in this open aperture configuration are aligned with a large directional 
component toward the center of the cell. Low gate current is essential for applications requiring high 
emission currents to prevent gate damage from heating. 

Both Type I and II emitters have produce emission enhancements up to 2 orders of magnitude by 
operating in 10-4 Torr H2. A reduction in the slopes of Fowler-Nordheim plots suggests a reduction in the 
effective work function due to a H-C surface dipole. Emitters degraded from overnight operation in O2 
recovered emission 340-fold by operating in H2. These data suggest that atomic hydrogen (created by 
electron impact from the emitted electrons) is responsible for the large enhancement and regeneration 
effect by (a) removal of oxygen-containing surface species (which may act as p-type dopants and/or 
increase the work function), b) formation of a surface dipole (reducing the work function), and c) n-type 
doping by atomic hydrogen. 

CONCLUSION 

Microgating carbon nanotubes has effectively exploited their superior natural properties and has 
manifested them in the many desirable properties required for field emission devices - lack of arcing, low 
voltage, high current density, and ruggedness, making nanotubes premier candidates as field emitters.   
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Abstract 
A series of emission current measurements were taken from various types of multiwalled carbon nanotubes 
(MWCNTs) in order to examine the short-term stability of the substrates under electron field emission (FE) 
conditions. According to field emission scanning electron microcopy (FESEM), these MWCNT have various tubular 
lengths, diameters, and growth densities. By referring to these physical properties, we have first optimized their FE 
properties at vacuum (~1 x 10–7 mbar). Then, their current stabilities are compared for samples that are having very 
similar emission characters i.e. threshold electric field and maximum achievable current density. We found that the 
MWCNTs films grown by the catalytic thermal chemical vapor deposition (CVD) method exhibited much improved 
emission stability as compared to MWCNT films grown using the plasma enhanced CVD method. Both types of 
these MWCNTs films are having a FE threshold of ~1.2 to 1.8 V/µm. As indicated by high-resolution transmission 
electron microscopy (HRTEM), it was found that the quality of the MWCNTs including the graphitic order and the 
contents of amorphous carbon, are related to the FE current stability of the MWCNTs. 

 

INTRODUCTION 
Carbon nanotubes (CNTs) are well known for their exceptional field emission properties [1, 2].  The multitude of 
applications for CNT field emitters, including electron microscopy, display devices, vacuum electronics, have 
caused this to become an exciting and promising area of research.  Before this novel material can be made ready for 
commercial use, stability of the devices under different field emission conditions must be considered.  We have 
studied the degradation of the emission current from multiwalled carbon nanotubes (MWCNTs) grown over a range 
of conditions and by the techniques of plasma-enhanced chemical vapor deposition (PECVD) and catalytic thermal 
chemical vapor deposition. 

Our PECVD system is a dual-RF plasma system [3, 4].  The nanotubes created by this system have potential for 
field emission because of the natural vertical alignment caused by the electric field.  According to FESEM, these 
nanotubes tend to be shorter (a few microns) and thick in diameters (50-200nm).  We found that the catalytic 
thermal CVD system can produce nanotubes capable of excellent emission currents at lower voltages [5].  These 
nanotubes have a higher field enhancement factor caused by their slender diameter (~5 to 10 nm). 

The system we have used to make our electron field emission measurements contains several features to optimize 
the accuracy of the measurements.  We have created a “hanging” electrode design to maintain a precise spacing 
without the use of dielectric material in close proximity to the sample.  This minimizes dielectric current leak.  The 
gap between the sample and the electrodes has been precisely measured by a mechanical micrometer and was found 
to be 315 microns after subtraction of the thickness of the sample.  Having a small gap allows us greater accuracy 
from the relatively smaller applied voltage needed from the power supply.  To ensure conductivity through the 
sample, we have grown all our films on low resistivity (~1ohm-cm) Si substrates with a thin deposited metallic layer 
to act as a barrier against formation of silicides. 

 

RESULTS AND CONCLUSIONS 
We have found that the threshold current, which we have defined as 1µA/cm2, occurs at a lower electric field for the 
catalytic thermal CVD grown samples than for the PECVD grown samples, i.e. ~1.2 V/µm and 1.8 V/µm, 
respectively.  Additionally, the short-term stability in the current is much poorer for the PECVD grown samples.  Ad 



indicated by HRTEM, we explain this by the inferior quality of the PECVD nanotubes.  The high degree of 
amorphous carbon accounts for the significant drop in the emission current which initial results suggest is as much 
as 50% of the initial value over several tens of minutes.  The CNT grown by the catalytic thermal CVD method tend 
to exhibit higher graphitic order and thus emission current shows signs of greater stability, although still decreasing 
over the course of the experiment. 
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Figure 1.    Catalytic thermal CVD films were found to achieve threshold currents at lower electric fields then 
plasma CVD films.  Both types of films are capable of high emission current densities. 
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Abstract 
Fabricating small structures has almost become fashionable in the arena of both the 

materials science and physics of low dimensional materials. The rationale is that reducing one or 
more dimensions of a system below some critical length changes the systems’ physical 
properties drastically, where nanocrystalline diamond (n-D) and carbon nanotubes (CNTs) in the 
class of advanced carbon materials serve model examples [1,2,3]. Emission of electrons at room 
temperature - cold electron emitters - are of vital importance for a variety of vacuum 
microelectronic devices - electron microscopes, photo multipliers, X-ray generators, lamps, flat 
panel displays, and microwave cathodes. Electron emitters may lead to otherwise difficult to 
obtain advantages in performance and/or design. This is the driving force to investigate the 
potential of carbon nanotubes as cold cathodes and thermionic power generators.  

In this talk, field emission properties of vertically aligned single- and multi-walled carbon 
nanotube films at temperatures up to 1000 oC are investigated by electron emission microscopy 
enabling real time imaging of electron emission to provide information on emission site density, 
the temporal variation of the emission intensity and insight into the role of adsorbates (see Fig. 
1). The nanotube films showed an emission site density of ~ 104-5/cm2 which is compared to the 
areal density (from 1012-13/cm2 to 108-9/cm2). At ambient temperature, the emission indicated 
temporal fluctuation (~ 6-8 %) in emission current with minimal changes in the emission pattern. 
At elevated temperatures, the emission site exhibited an increase in emission site intensity (see 
Fig.2). From the experimental observations it is proposed that the chemisorbed molecules tend to 
desorb presumably at high applied electric fields (field-induced) in combination with thermal 
effects (thermal-induced) and provide a contrasting comparison between semiconducting (single-
wall) and metallic (multi-wall) nanotubes.   
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Figure 1. Temperature dependent field emission imaging for a representative multi-wall 

nanotube film for two warming up (Cycle I and Cycle II) and cooling down cycles. The Cycle II 

exhibits the thermionic field emission component in addition to field emission. 

 

 

Figure 2. Variation of integrated brightness with temperature (both up and down sweep) for

multi-wall nanotube films. The dotted line is used to guide eye and points at the saturation

behavior. 
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Abstract 
Vacuum thermionic energy converters utilize electron emissive materials as a key component in the transformation 
of thermal into electrical energy.1 A thermionic cell is comprised of an emitter held at an elevated temperature 
separated from a cooler collector by a vacuum gap. Energy can now be transferred from the hot to the cold side by 
thermionic excitation of charge carriers and an exterior electrical path allows the electrons to do work when they 
return to the emitter. Conventional energy converters based on flat metal surfaces were performance limited due to 
high operating temperatures exceeding 1500K and space charge effects. Diamond films have been subject of 
numerous emissivity studies where field emission was the dominant form of emission characterization.2 Several 
studies on thermionic emission from nitrogen doped diamond films describe emission in terms of donor/defect states 
as well as the negative electron affinity (NEA) surface characteristic with emission commencing at temperatures 
below 1000K.3 In fact, the observed uniformity in the emission can be attributed to the NEA characteristic which is 
not typical for other carbon based emitters that exhibit locally confined emission. Basically, local uniformity in 
thermionic emission as observed for flat metal surfaces can be described by the Richardson-Dushman equation 
where the emission current density follows  

 

 TkBeATJ ϕ−= 2 , [1]  

with 

32

2

2 hπ
BemkA = . [2] 

 

Two parameters dominate the emission described by this relation, the work function, φ, of the material and 
Richardson’s constant, A. The emission barrier, i.e. the temperature at which emission commences is then 
determined by the work function, φ, of the emitter. While A for a metal has been described theoretically with the 
result a collection of fundamental constants an experimental evaluation also identifies the contribution of surface 
characteristics to the solution. By measuring thermionic emission from nitrogen doped diamond films with respect 
to the Richardson-Dushman equation an evaluation of emission critical parameters can be performed. As shown in 
Figure 1, emission can be detected at temperatures as low as 900K with a strong increase in emission with emitter 
temperature. The observed emission behavior, i.e. a stronger increase in emission with temperature than predicted by 
Richardson is due to a temperature dependent work function which decreases with increasing temperature. In the 
observed temperature range an average work function for this material of ~2.4eV and a Richardson constant of 
120A/cm2K2 can be obtained with the work function the most critical fitting parameter. By increasing the electric 
field between emitter and collector, an increase in the emission current is observed which is due to a diminished 
effective work function. 
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Figure 1. Thermionic electron emission from a nitrogen doped diamond film as a function of temperature and 
applied electric field. The dotted curve shows a fit to the Richardson-Dushman equation.  
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Abstract 
Light emitting diodes (LED) have a bright future as their electro-optical efficiencies are now approaching the 

standard fluorescence light (70 limens/watt or 10%).  However, LED's costs are still prohibitive ($20/1000 lumens) 
in many applications so they cannot replace fluorescence light ($0.5/1000 lumens) in general.  This is particularly 
true for the applications in back lighting that is indispensable for electronics with LCD for monitors of computer, 
television, scanner, PDA and the like.  The backing lighting is now dominated by cold cathode fluorescence light 
(CCFL).  For paneled lighting, the costly LEDs have other handicaps, such as their inability to diffuse light to a 
larger area, and their mixing colors (RGB) do not match with eye sensitivities that are tuned to more natural white 
light. 

In terms of panel lighting, electro luminescence (EL) has intrinsical advantages.  Firstly, EL is a two 
dimensional design that is more compatible with the panel lighting than the complicated structure of LED.  
Moreover, there is no semiconductor involved in emitting light so the cost is much lower.  Furthermore, because the 
low electrical power is involved, the heat generation is minimal in the lighting device.  Consequently, the electro 
optical efficiency for EL can be higher than LED. 

Although EL has a long history tracing back to 1936 when Destriau discovered that ZnS powder dispersed in 
castor oil could be illuminated by applying an AC electrical field.  Since then, EL has been applied to back lighting 
that is relatively dim.  There are two major obstacles that EL has not overcome, viz., the high voltage required to 
trigger the illumination, and the rapid decay of the luminosity with time.  These two problems are now solved with 
the use of amorphous diamond as the electrode and the replacement of AlN as the phosphor.  Amorphous diamond 
can dramatically reduce the voltage required for illumination; and AlN significantly boost the stability of the 
phosphor. 

Amorphous diamond (tetrahedral amorphous carbon or tac) contains carbon atoms with mostly in distorted 
diamond bonding (sp3).  It has the highest atomic density (>176 nm^3 for diamond) of all materials (e.g. four times 
higher than most closest packed metals).  Because each atom is unique in the distortion of tetrahedral bonds, there 
are numerous discrete energy levels for electrons to perch on.  Amorphous diamond has the highest entropies of all 
materials in both atomic configuration and electronic configuration, as such it is uniquely capable to allow electrons 
to increase energy by receiving incremental energies that exceed the energy difference among various electronic 
states.  For example, amorphous diamond can allow valence electrons to climb up the energy ladder with thermal 
agitation so electrons can emit in vacuum or in a dielectric material.  In contrast, electrons in an insulator (e.g. 
diamond) will not be disturbed by weak phonons due to the wide energy gap between valence band and conduction 
band; whereas electrons in a conductor (e.g. graphite) cannot accumulate phonon energy due to the overlapping of 
conduction band and valence band. 

Two ITO (indium tin oxide) coated glass of the common LCD panels were used to construct a Diamond EL or 
DEL.  One of them is coated on the ITO with copper doped ZnS as the phosphor; and the other is coated on the ITO 
with amorphous diamond.  The two panels are glued together by epoxy with a total gap between them of about 60 
microns.  It was observed that the effective turn-on voltage for the panel was reduced by coating with amorphous 
diamond from 80 V to 40 V.  Moreover, the input voltage could be reduced to only 3V by converting the DC field 
into AC of 3500 Hz. 
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Fig.1: The DEL display with the input of 3V at 3500 Hz.  EMO stands for electro-magnetic-optical research lab at 
Taipei University of Technology. 

 

Although DEL may be used to generate bright light with high energy efficiency, its decay rate of luminosity 
must be reduced.  One problem of the decay is caused by the irreversible diffusion of the activator atoms (e.g. Cu) in 
the phosphor layer, particularly along the grain boundaries of the carrier (e.g. ZnS) particles.  This diffusion is 
triggered by the local heating due to the concentration of electrical current through the low resistance path.  One way 
to overcome this problem is to disperse the electrical path by using phosphors of nano sized particles.  The phosphor 
layer must be heat treated beforehand to assure the thermal stability of the host structure (e.g. the reduction of defect 
concentration by annealing) and the dopant substitutions (e.g. in the tetrahedral coordinated positions). 

Another way to improve the reliability of the DEL is to use dielectric materials (e.g. PZT) to sandwich the 
phosphor layer.  In this case, the phosphor layer is separated from the electrodes so electrons can flow more 
uniformly in the phosphor layer to avoid local heating. 

The best method to stabilize the phosphor layer is to use AlN as the host material.  AlN is with the wurtzite 
structure that is isostructural to ZnS.  AlN is much more compact in atomic packing and it is significantly more 
thermally stable.  During the processing of AlN (e.g. in making AlN heat spreader for laser diode), oxygen is 
inevitably incorporated (e.g. by adding yttrium oxide as a sintering additive).  The oxygen substitution of nitrogen in 
AlN will give luminescence at about 380 nm and this peak position is relatively fixed when the oxygen content is 
higher than 0.7 wt%.  Moreover, if AlN is doped with Mn (e.g. 0.1-1 wt%), a red luminescence peak is observed for 
Mn4+ around 600 nm; and another green one is formed with Mn++ ions in AlN.  If Eu is used as the dopant, a green 
luminescence peak around 2.4 eV (green) is formed. 

If AlN phosphor with the right dopant (e.g. Mn, Eu, Sm...) is used, the DEL can be much more thermally stable 
so the decay rate of luminosity can be greatly slowed down.  Moreover, AlN phosphor can be combined with ZnS or 
oxide phosphor to produced a mixed spectrum of luminescence.  These different phosphor layers may also be 
combined to become a composite material for multiple luminescence with different triggers such as by moving 
electrons, as well as UV radiation from other phosphor layers. 
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Abstract 
Diamond films, which can be synthesized easily by using microwave plasma enhanced chemical vapor 

deposition (MPECVD) process have been extensively investigated for the applications as electron sources, since 
they possess very consistent and good electron field emission properties[1]. However, the electron field emission 
properties of the diamond films are still pronouncedly inferior to those of carbon nanotubes (CNTs). Therefore, 
there have wide interest in improving the electron field emission properties of diamond films recently. One of the 
possible routes for increasing the electron field emission capacity of diamond films is to increase the proportion of 
grain boundary region, as it has been proposed that the grain boundaries contain sp2-bond and provide conduction 
path for electrons, facilitating the electron field emission process[2]. In this paper, we adopted the bias enhanced 
technique for synthesizing boron-doped nanodiamonds. The electron field emission properties of the nanodiamond 
films were examined using scanning tunneling microscopic (STM) technique. Current image tunneling 
spectroscopic (CITS) measurements reveal the direct dependence of electron tunneling/field emission behavior of 
the films on the proportion of grain boundaries contained in the films. Local tunneling current-voltage (It-V) 
measurements show that incorporation of boron species insignificantly alters the occupied state, but markedly 
modifies the empty state of the diamond films, viz. it induced the presence of impurity states for the films heavily 
doped with borons, resulting in smaller emission energy gap for the samples.  Such a characteristic improves both 
the local electron field emission behavior of the diamond films measured by STM and the average electron field 
emission properties measured by conventional parallel plate setup. These results infer clearly that the presence of 
impurity states due to boron doping is a prime factor improving the field emission properties for these boron-doped 
nanodiamond films. 

Fig. 1 Eelectron field emission properties of nano diamond films doped with 1-4 sccm B(OCH3)3 species, 
which were designated as B1-B4 (the inset shows Fowler-Nordheim plots of the I-V curves). 
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Fig. 2 The derivatives of tunneling current, dIt/dV-V, for boron-doped nanodiamond films measured by 

STM techniques with tip-to-film gap set to at 1 nm. 
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Abstract 
FET based diamond biosensors have been demonstrated by utilizing surface functionalizing techniques. pH 
sensitivity is obtained on diamond SGFETs with O or NH2 terminated channel. The sensitivities of 50 mV/pH have 
been obtained on diamond SGFETs with O and NH2 terminated channel, in contrast with the no pH sensitivity on 
that with H-terminated channel. FET based biosensors whose channel has functionalized by the biomolecules such 
as DNAs and enzymes have been realized on diamond SGFETs.  

Introduction 
Electrochemical sensors are suitable to environmental monitoring, clinical trials and also critical care situations, 
because of fast response, portability, small samples for detection and simple testing processes. Challenging 
researches are proceeding with development of various kinds of sensors based on electrochemical electrode or 
semiconductor device fabrication with micro-electromechanical technologies in wide variety of materials. 
Especially, diamond is attractive attentions of sensor materials due to its superior material properties. Factors such 
as wide electrochemical potential window, chemical and physical stability, high thermal conductivity and 
biocompatibility are expected to realize the low-noise and high-sensitive sensors or integrated sensor allay with high 
reliability. 

Recently, FET type chemical and biosensors have been reported on H-terminated diamond [1-4]. Compare to Si-
ISFETs, diamond solution-gated FETs (SGFETs) work without interlayer on the surface as shown in fig. 1, because 
the penetration of the ions in the solution are suppressed. As a result, fast response, stability of surface potential and 
high sensitivity are realized. 

pH sensitivity on functionalized diamond FETs 
Surface of the diamond deposited by chemical vapor deposition is terminated by hydrogen. This surface shows the 
p-type semiconductivity with high carrier density of 1013 cm-2 within 10 nm from the surface, which is easily 
controlled by the applied bias and suitable as the channel of FETs. In case of diamond SGFETs, the surface carriers 
are controlled by not only the applied bias of electrolyte solutions, but also the adsorbed specific ions, protonations 
or deprotonations. 

Diamond SGFETs with the completely H-terminated surface channel has no sensitivity on pH change because the 
surface functional groups (C-H) are not protonated or deprotonated in wide variety of pH change. On the other hand, 
the pH sensitivity of SGFETs can be obtained by the partially NH2-O-terminated channel with UV irradiation in 
ammonia solution or atmosphere, because C-O and C-NH2 are protonated or deprotonated in the solutions. The 
absolute value of the gate potential preserving constant drain current of diamond SGFET decreased approximately 
50 mV/pH from pH 2 to pH 10 and the gradient of that obeyed the Nernstian response as shown in fig. 2. The time 
response of pH sensitivity is superior to that of Si based ISFET, because penetration of ions such as K+, Na+ and 
Ca2+ are vanished in diamond. The hysteresis width is approximately 1 mV, which value is one order of magnitude 
lower than that of membranes used in Si-ISFETs (fig.3). 

Diamond Biosensors 
Several types of diamond biosensors such as urea, glucose and DNA sensors, have been demonstrated by means of 
biomolecules functionalized diamond surfaces.  

Urea-sensitive diamond SGFETs operate based on the biocatalyzed decomposition of urea by urease. This 
decomposition changes the surrounding pH, which is occurred on the channel surface, and NH2 functionalized 
surface can detect this pH change as shown in fig. 4.  



The charges on DNAs are also detectable on diamond SGFETs. When the negatively charged DNAs are hybridized 
on the complementary single strand DNAs immobilized on diamond surface, the surface potential of the diamond 
SGFETs bends upward, as a result, increase of the drain current and the positive shift of the threshold voltage of 
diamond SGFET are observed as shown in fig 5.  The difference between complementary and non-complementary 
target DNAs has been detected by the real time shift of the gate voltage. 
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Diamond exhibits several special properties, e.g. chemical stability, low background current, and a 
large electrochemical potential window, which make it particularly suitable for biofunctionalization 
and biosensing. In this contribution, we present the covalent attachment of enzymes to nanocrystalline 
diamond thin films. Although immobilized at the surface, the biomolecules are still fully functional and 
active. Different routes are available for the functionalization of nanocrystalline diamond surfaces 
depending on the surface termination, hydrogen or oxygen. Hydrogen-terminated nanocrystalline 
diamond films can be modified using a photochemical process to generate a surface layer of amine 
groups, to which proteins can be covalently bound in several following steps. For comparison, oxygen-
terminated NCD films have been functionalized using different chemical methods. The enzymes 
catalase and horse-redish peroxidase were immobilized on the modified NCD electrodes, and the 
successful attachment was confirmed by measuring the enzyme activity. Impedimetric experiments 
were also used to study the surface modification. The enzyme-modified diamond electrodes exhibit 
direct electrochemical charge transfer between the enzyme redox center and the electrode. The 
enzyme-NCD electrodes were also used as H2O2 sensors. In the presence of H2O2, a large cathodic 
current is observed due to the reduction of H2O2 catalyzed by the enzyme modified electrode.  
 
These results provide important steps towards the realization of diamond-based amperometric 
biosensors. Considering some of the unique properties of nanocrystalline diamond, such as ease of 
production, chemical stability, and excellent electrochemical properties, it is justified to speculate that 
nanocrystalline diamond can play an important role in the future of biosensors. 
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Recently there has been much interest in the phenomenon of surface conductivity of 
diamond films and the effect of various adsorbates on this conductivity. Specifically, it has been 
found that oxidizing conditions tend to increase the surface conductivity of boron-doped 
diamond films and reducing conditions tend to decrease the conductivity. Another example an 
oxygen saturated solution. One possible mechanism for the increased conductivity that results 
from the presence of an oxidant involves the transfer of electrons from the bulk of the p-type 
boron doped diamond to the adsorbate, which effectively increases the number of p-type charge 
carriers (holes). [i],[ii] This increase in conductivity can be used to as a way to sense the 
presence of an oxidant such as oxygen. Thus far, this phenomenon has only been reported for p-
type diamond films.[iii] Recently, we have found in our laboratory that a similar phenomenon 
also occurs on n-type diamond films, such as sulfur-doped films. Sulfur is a deep donor in 
diamond.[iv], [v] In this case, however when the electron is transferred from the diamond to the 
oxidant, the number of n-type charge carriers (electrons) is decreased, and the surface 
conductivity decreases. This also results in decreases in the currents for oxygen evolution and 
hydrogen evolution from an aqueous solution. We have used the latter observation as a means of 
measuring the concentration of oxygen dissolved in aqueous solutions. There is a rough 
correlation between the electrochemical behavior and the sulfur doping level for a series of 
nanocrystalline films prepared as described previously [vi]. In particular for high doping levels, 
the decrease in current upon exposure of the solution to air is small, whereas for low doping 
levels the relative decrease is large. 
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 In the central nervous system, adenosine serves as a modulator of neurotransmission and a neuroprotective agent 
against ischemic- and seizure-induced neuronal injury.  It may be synthesized either intracellularly from degradation of 
adenosine monophosphate (AMP) or extracellularly by the metabolism of nucleotides.  Several experimental approaches, 
e.g., microwave irradiation or microdialysis, have been used to measure in vitro and in vivo concentrations of adenosine; a 
basal adenosine level was estimated at 50-200 nM[1]. However, these techniques suffer from various disadvantages, e.g., 
inducing serious tissue damage and having low temporal resolution (minute time scale).  Alternatively, adenosine is 
electrochemically active, and thus can be detected in real-time with electrochemical techniques including amperometry or 
fast-scan cyclic voltammetry (FSCV).  Amperometry offers excellent temporal resolution and sensitivity, but is typically 
difficult to interpret for component mixtures.  On the other hand, FSCV can generate a “finger print” response for each 
analyte, potentially allowing a distinguishable measurement in the presence of multiple components.  With these methods, 
microelectrodes are employed, minimizing tissue damage.  Recently, Brajter-Toth et al. used FSCV in a flow cell to detect 
adenosine at a carbon-fiber microelectrode, proposing a mechanism for adenosine reduction and oxidation[2].   However, the 
carbon-fiber electrode displayed limited sensitivity, ~10 µM. If used in vivo or in vitro, stimulation of the neuron to release 
substantial amount of adenosine is necessary, introducing the risk of altering the neural circuitry involved. 

Boron-doped diamond electrodes are increasingly used in electroanalysis because of their exceptional 
electrochemical properties, including low baseline current and wide potential window of water decomposition;[3] adenosine 
detection provides opportunity to demonstrate both of these advantages.  The diamond surface should also discourage 
adsorption, which likely translates into improved stability upon implantation of the device into biological systems.  We are 
currently developing implantable, diamond-based microelectrodes to study neurotransmission in the brain and central 
nervous system.  The diamond electrodes (Fig.1) mimic the needle-like geometry of widely used carbon-fiber electrodes.  
They are fabricated by selective CVD deposition of a diamond thin film onto a tungsten wire substrate, which is pre-sealed 
into quartz.  With this electrodes, we have detected 10 nM adenosine using flow injection analysis.[4]  With this electrode, we 
aim to investigate the role of adenosine in neurotransmission (ms time scale) under various physiological conditions.  In this 
study, we focus on the PreBötzinger Complex (PreBötC) in the (rodent) brain stem, a putative site for respiratory 
rhythmogenesis, as a model to demonstrate the capability of a diamond-based probe as an in vitro, adenosine sensor.  

                                                          

(B) (C) 

(A) 

Fig. 1: Scanning electron images of a diamond microelectrode: (A) selective diamond growth at the tip, approx. 30 µm 
diameter, 2~5 µm (111) crystals dominant; (B) tungsten wire substrate sealed into quartz capillary; (c) intact electrode body. 

(A) 

 
 In the PreBötC, neurons with “pacemaker” autorhythmic properties are hypothesized to generate inspiratory rhythm.  
The neural activity may be inhibited by the administration of adenosine or adenosine analogues during early development[5]. 
However, the mechanism whereby adenosine inhibits inspiratory drive is not well characterized.  There are multiple 
adenosine receptor subtypes: A1, A2A, A2B, and A3, present in PreBötC, with different affinities for adenosine. When each 
receptor is activated, it can either inhibit or excite neurons.  Thus, it is necessary to individually understand the effects of 



these receptors on inspiratory drive. Here, we present our initial results (Fig.2) of in vitro adenosine detection from selective 
A2A receptor activation. 
 A brain slice containing PreBötC was obtained from a neonatal (P1-P3) Sprague-Dawley rat. The slice was perfused 
with artificial cerebrospinal fluid (aCSF), saturated with 95% O2 and 5% CO2.  Respiratory frequency and magnitude were 
indirectly monitored by extracellular, suction-electrode recording from hypoglossal nerve rootlets; this provides an index of 
inspiratory drive in young animals. The diamond microelectrode was lowered into the PreBötC, with Ag/AgCl as the 
reference/counter electrode.  Its potential was continuously scanned between –1.0 V and +1.5 V, at 500 V/s (see Fig. 2(A)).  
After administration of CGS 21680, an adenosine analogue selective for A2A receptor, several “island” features representing 
the occurrence of electrochemical reactions, were observed on the 3-D false-color plot (Fig. 2(A)).  A typical cyclic 
voltammogram, Fig. 2(B), obtained by extracting data from the color plot along the Y-axis, showed an oxidation peak near 
+0.8V for adenosine[2]. The peak-current for oxidation of adenosine, Fig. 2(C), increased in a series of waves, whose 
frequencies varied between 50 and 200 seconds. After post-calibration of the diamond electrode (Fig. 2(D)), it was 
determined that the in vitro adenosine concentration varied between 2 to 5 µM (Fig. 2(E)). With respect to repiratory rhythm, 
the data suggest that CGS-induced adenosine release decreases the respiratory frequency and magnitude, as hypothesized 
(data not shown).  A2A activation, therefore, inhibits the inspiratory drive. Further investigation of the roles played by other 
receptors is in progress.    
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Abstract 

The origin of the p-type surface conductivity 1, 2 of hydrogen-terminated diamond is not 
fully understood; however, the electrochemical transfer-doping model proposed by Maier et al. 3 
is gaining acceptance. According to this model, a p-type accumulation layer forms in the 
diamond due to the relative positions of the Fermi levels of the diamond and an adsorbed water 
layer on the surface. The chemical potential of electrons in the water layer is fixed by an 
electrochemical redox couple, most likely involving dissolved oxygen in equilibrium with air.4

O2 + 4H+ + 4e- = 2H2O 

In our previous work we have studied this effect under different chemical environments 
and surface terminations.5 The conductivity increased upon exposure to acidic vapors, which 
lower the electron chemical potential in the water film, and decreased when exposed to basic 
vapors, which increase the electron chemical potential. The effect disappeared with fluorine-
terminated diamond and oxidized diamond. Organic liquids that wet the hydrophobic diamond 
surface displace the water film and quench the surface conductivity. Furthermore, transient 
measurements of conductivity upon imposition of a step temperature change show an immediate 
increase in conductivity, followed by a decay of conductivity with a much larger time constant. 
All of these effects are consistent with the electrochemical transfer-doping model. 

In order to obtain further insight into the electrochemical transfer-doping model the 
contact angle and zeta potential were measured at different pH.6 As the pH is lowered, the model 
predicts an increase in the concentration of holes in the diamond and the counter-anions in the 
adsorbed film. At lower pH one would therefore anticipate increased electrostatic attraction 
between the hole accumulation layer and the negative counter ions in the water film and 
therefore a decreased contact angle. The increased electron transfer from the diamond to the 
water film at low pH should also reveal itself in a more positive zeta potential (more positive 
surface charge) at low pH. Furthermore, these effects should be more pronounced for hydrogen-
terminated compared to oxygen-terminated diamond. 

Contact angles of hydrogenated samples decreased uniformly as the pH was lowered 
from pH = 7 to pH = 1. Reduction of the concentration of electrochemical acceptors, i.e., the 
dissolved oxygen, should decrease the electron transfer from the diamond and reduce the effect 
of pH on contact angle. Reduction of dissolved oxygen was accomplished by addition of sodium 
bisulfite. The effect of pH on contact angle essentially disappeared at both low and high pH after 
the addition of excess sodium bisulfite. Oxidized diamonds showed a decrease in contact angle 
as the pH was increased above 3. This latter effect is attributed to ionization of oxygen 



containing functional groups on the surface. Zeta potentials of both oxygen and hydrogen-
terminated diamond were measured at different pH. At high pH, both surface terminations show 
a negative surface charge (See Fig.1). However, the isoelectric point for hydrogen-terminated 
diamond occurred at approximately pH = 5.2, below which pH the surface charge is positive. In 
contrast, oxidized diamond did not show a positive zeta potential until the pH was reduced to 
1.2.  

Although the results, in general, support the electrochemical transfer-doping model, 
significant uncertainty remains. In particular, a greatly enhanced effect is seen with rectifying 
contacts compared to ohmic contacts.5 Understanding of this effect will require detailed 
modeling of the diamond/contact/film interface. 
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Figure 1. Zeta potential as a function of pH for both 
hydrogen and oxygen terminated diamond. 
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Abstract 
Extra-ordinary chemical and physical properties of carbon nanotubes [1, 6] and also the success of large-scale 
production by a catalytic chemical vapor deposition method, particularly with the use of a floating reactant 
technique [2-4], make them applicable in the fabrication of adsorbent, electrochemical electrode, field emitter and 
functional filler in composite at a possible low cost. Through judicious selection of transient metal, support materials 
and synthetic conditions (temperature, duration), it is possible to produce different types of carbon nanotubes such 
as multi-walled carbon nanotubes (MWNTs), double-walled carbon nanotubes (DWNTs) and single-walled carbon 
nanotubes (SWNTs) selectively. In this study, we will describe the catalytic synthesis of various carbon nanotubes 
from the point of synthetic conditions, and structural changes by heat treatment will be discussed in terms of 
structural stability, and finally their practical applications of these carbon nanotubes will be described from the 
industrial point of view.  

It is possible to obtain various fibrous carbons which exhibit a wide range of diameters from 200 to 1 nm, different 
crystallinity and different angle of graphene sheet with regard to tube axis through exact control of synthetic 
conditions of catalytic chemical vapor deposition (CCVD) method. Recently, the development of the floating 
reactant technique made possible to the large-scale production of carbon nanofibers (CNFs) and MWNTs [4]. In the 
synthesis of SWNTs, nano-sized SiO2 impregnated with Fe-containing compounds (seeding method) were fed into 
the reactor (around 1000oC) with benzene as carbon feedstock, and with hydrogen as the carrier gas [7]. In contrast 
to current CVD methods, this combinational technique allows high yield efficiency of the nanotubes. A detailed 
TEM and Raman studies revealed that there are large variations in textures (isolated and bundle) and also diameters 
(see Fig. 1 (a)).  

The recent hot topic is the synthesis of DWNTs because these tubes are more thermally and chemically stable when 
compared to SWNTs; they also exhibiting the 1D character of a quantum wire. In addition, DWNTs could also be 
used in the fabrication of electron field emitter and nano-composites. The synthesis of DWNTs was carried out 
using a conditioning catalyst (Mo/Al2O3) on one end of the furnace, and the nanotube catalyst (Fe/MgO) in the 
middle part of the furnace (see supplemental information). Subsequently, a CH4+Ar gas mixture (1:1) was fed into 
the reactor for 10 minutes at 875°C. When using the conditioning catalyst, preferential growth of DWNTs over 
SWNTs occurred, possibly due to an increased portion of active carbon species. In order to obtain a pure DWNT, a 
two-step purification process was applied to the synthesized products. In particular, HCl treatments were carried out 
in order to remove iron catalyst and the supporting material, followed by air oxidation at 500oC for 30 minutes. The 
latter process is used to remove amorphous carbon and chemically active SWNTs. After a filtering process, we 
obtained a dark and stable paper-like sheet, which is very flexible and mechanically stable (tough). Careful HRTEM 
(JEOL JEM-2010FEF) observations revealed an extremely high-yield of DWNTs (more than 95%) arranged in 
bundles. Fig. 1 (b) exhibit cross sectional image of HR-TEM images of DWNTs bundles. When heat treated at 
higher temperature in inert atmospheres, unusual phenomena occur in DWNTs bundles. HRTEM image of Figure 1 
(c) exhibits a sequential reconstruction behaviors of DWNTs at 2100oC [9]. Two adjacent outer shells start to merge 
(see, (I) in Fig. 1 (c)) via a zipping process, similar to the coalescence of SWNTs under electron beam irradiation, 
and a large single outer shell with an oval shape is formed (see, (II) in Fig. 1(c)). The process occurs due to the 
coalescence and reconstruction of the outer shells of DWNTs, leaving the inner cylinders almost intact, the latter 
being encapsulated inside the large diameter coalesced tubule (bi-cable). We envisage this material to be useful in 
the fabrication of novel sensors, nanocomposites, field emission sources, nanotube bi-cables and electronic devices. 
On top of that, it is expected that DWNTs will replace SWNTs or MWNTs for various specific applications due to 
their expected superior mechanical properties, thermal conductivity and structural stability derived from their unique 
coaxial structure. 
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Figure 1. (a) typical HRTEM image of single wall carbon nanotubes, (b) Typical high resolution transmission 

electron microscopy (HRTEM) image of DWNTs in a bundle state, (c) HRTEM image of DWNTs at 2100oC. This 

image exhibits a sequential reconstruction process of a DWNT: (I) two outer tubes start to merge, through a 

zipping mechanism, (II) two outer tubes are completely combined into a single large outer tube with an oval 

shape containing two SWNTs, and (III) two inner SWNTs in a confined space might decompose along the inner 

wall of an outer shell, to form one inner single shell, like the formation of a DWNT derived from a peapod  
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Abstract 
An 11” microwave plasma Ultra-Nano-Crystalline-Diamond (UNCD) deposition system has been commissioned for 
the production coating of UNCD onto SiC pump seals. This work is presented along with earlier results using a 
similar 6” reactor where only one 2.0” diameter seal may be grown at a time, while the 11” system allows seven 
2.0” diameter seals to be coated simultaneously. Seals are held in the cavities of a heated graphite “muffin tin” 
susceptor such that the top surface of the seals is even with the graphite presenting a flat planar surface to the 
plasma. The substrate heater temperature is 800-900oC while the seal growth surface temperature is up to 200oC 
hotter due to heating by the plasma. The plasma gas composition is primarily Ar with 1-4% CH4 and 0-5% H2. The 
plasma reactor is an 11-pole toroidal resonator cavity surrounding a vertical quartz tube reaction chamber with a 
aluminum top plate gas distributor. Materials to be coated are introduced into the reaction chamber from a bottom 
port using a cylindrical vertically-translating heated stage. Seals coated in the 6” system were tested by the 
manufacturer of the seals, John Crane Inc., with very satisfactory results. Preliminary results in the 11” system have 
successfully demonstrated growth of UNCD onto a 7-seal arrangement with a center seal and a surrounding second 
circle of 6 seals. Growth of high temperature UNCD on 200 mm Si wafers has also been demonstrated. The 
uniformity of the thickness and structural properties of the UNCD films are presented. The results presented here 
provide valuable information regarding the large-area deposition of UNCD diamond films. 
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Abstract 
Diamond deposition has been a functional CVD process for over a decade but little has been done to scale 
deposition techniques beyond the initial small areas. The basic requirements of scaling any CVD process include 
maintaining temperature uniformity and reactive gas composition and distribution uniformity across the entire area 
of deposition. The results of this control will affect growth rate uniformity, film composition uniformity and 
morphology control across the deposition surface. In addition, contaminants that might affect film quality or purity 
must be managed effectively. Each of these must be addressed to successfully scale any process. Among the several 
techniques available for the synthesis of diamond films the hot filament CVD approach offered some unique 
advantages in terms of scalability for the deposition of diamond over large area substrates. Principle among these is 
that filament area can be increased without sacrificing uniformity of film deposition. Power and hence the energy 
required to dissociate hydrocarbons and hydrogen to generate the necessary carbon specie and atomic hydrogen 
required for diamond deposition scales with the size of the filament array. Local power density can be made very 
uniform across the entire area unlike competing technologies. In addition the relatively low power density of such 
tools results in easier scaling from an engineering perspective when compared with other approaches used for 
diamond deposition. In this paper we discuss some aspects of scaling of the hot filament CVD tool up to a square 
deposition area of 380mm. Examples will be presented of substrate temperature uniformity, film deposition rate 
uniformity, film quality and purity over 300-mm silicon wafers. Figure 1 shows an example of diamond film 
uniformity achieved using the hot filament CVD approach on 300mm silicon wafers. This data will then be assessed 
to determine the degree of improvement required to meet long term objectives for several product categories as well 
as any issues relating to scaling to even larger areas. 
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Figure1. Diamond-coated 300-mm wafer with Raman spectra at different locations of the wafer showing the film 
uniformity achievable with the hot filament CVD tool. 
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Growth Mechanism of Super Long and Aligned Single-Walled 
Carbon Nanotubes 
 

Jie Liu, Department of Chemistry, Duke University, Durham, NC 27708 
 
 
Recently progress in nanotube synthesis makes it possible to grow individual single walled carbon 
nanotubes (SWNTs) to several centimeters long along a direction defined by the gas flow. The growth 
of long nanotubes and the control of the growth direction not only makes it possible to produce 
nanotube structures in a controller manner, it also revealed some insight of the nanotube growth 
mechanism in general, especially the termination mechanism for nanotube growth. The talk will 
provided detailed analysis of the growth mechanism of these long and aligned nanotubes. 



Superconductivity in Doped Diamond 
 

R. J. Soulen, Jr. and M. Osofsky 
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Superconductivity has been found in boron-doped diamond by researchers in two 
laboratories. This dramatic result challenges models for superconductivity. We will 
demonstrate, however, that the phenomenon is a simple manifestation of 
superconductivity induced by proximity to a metal/insulator transition. We will show 
how the results obtained for doped diamond are quite analogous to behavior seen in 
several disparate classes of superconductors (disordered metals, oxide conductors-
including high temperature superconductors, semiconducting materials, organic 
conductors and various forms of C60), whose only common feature is proximity to a 
metal/insulator transition (MIT), share a common phase diagram Tc(r). Here r is a 
coordinate characterizing the disorder and is completely defined in terms of measurable 
quantities. This remarkable phase diagram may be plausibly explained by explicitly 
incorporating an enhancement of the electron screening length, which occurs near the 
MIT, into the BCS equation for Tc.  
 
Just recently we have studied Hc2 as a function of proximity to the MIT for many 
systems and find a similar common phase diagram for Hc2(r). Again, we find that the 
shape of the phase diagram for diamond is remarkably similar to that of several other 
systems.  
 



MICRO-AND NANO-CRYSTALLINE DIAMOND FILM SYNTHESIS AT 
SUBSTRATE TEMPERATURES SUB 400°C 

F. Piazza, A. Makarov, R. Velázquez and J. De Jesús  

Department of Physics, University of Puerto Rico, San Juan, P.O. Box 23343, Puerto Rico 00931 

 

G. Morell 

Department of Physical Sciences, University of Puerto Rico, San Juan, P.O. Box 23323, Puerto Rico 00931 

 

Keywords: nano-crystalline, diamond, CVD, low temperature, sulfur 

 

Abstract 
Two issues hamper the utilization of the outstanding properties of microcrystalline diamond (µ-D) in 

microelectronics: no electronic-grade n-type semiconducting diamond has been produced so far with good 
reproducibility, and most of the current growth processes are carried out at too high substrate temperature TS, 
typically TS>700°C. Electronic-grade n-type semiconducting diamond film deposition at lower substrate 
temperature is therefore of considerable interest.  

We recently succeeded in making n-type diamond by sulfur doping1. The films were grown by hot-filament 
chemical vapor deposition (HFCVD) from CH4/H2/H2S gas mixture at TS∼700°C. With increasing sulfur content in 
the gas phase, the room temperature conductivity2, the room temperature electron field emission properties3, and the 
thermoionic emission at 340°C4, were enhanced.  

We were able to synthesize nanocrystalline diamond (n-D) at TS∼500°C by using the same technique and gas 
mixture5. The quality of n-D was shown to increase with the decrease of TS (Figure 1). When 2.0% CH4 was 
employed without H2S, only nanocomposite carbon was grown, but the addition of 500 ppm H2S and the reduction 
of TS resulted in mixed µ-D and n-D (Figure 1). In addition, it was reported that the addition of sulfur in the gas 
phase induces a significant increase in the growth rate. At TS∼700°C it was possible to obtain a four-fold increase in 
the µ-D deposition rate, from 0.1 to 0.4 µm/h. We were then able to produce high-quality µ-D and n-D at TS∼440°C 
(Figure 2)6 on molybdenum and glass.   

We now report on the growth of high-quality µ-D and n-D films by sulfur-assisted HFCVD at TS<400°C, on 
temperature sensitive substrates of industrial interest, such as glass. We modified the CVD system in order to attain 
lower substrate temperatures. The effects on diamond growth and structure of sulfur addition, substrate temperature 
in the presence of sulfur, and substrate nature are investigated. 

The possibility of growing diamond films at such low temperature is interpreted as resulting from profound 
changes in the gas phase chemistry when trace amounts of sulfur in the form of H2S are added to the diamond 
chemical vapor deposition reaction, as observed by laser cavity ring-down absorption spectroscopy. In particular, 
H2S leads to the formation of CS in the heat-activated volume around the filament, which turns back into H2S in the 
cooler region above the substrate, enhancing the transport of carbon atoms to the growing film surface to form 
diamond. This enables the deposition of diamond at a lower temperature and at a higher rate.  



 
Figure 1. Visible Raman spectra of films grown with 2.0% CH4 and 500 ppm H2S as a function of substrate 
temperature. Diamond deposition is enabled at this high CH4 concentration due to the presence of S and the 

lower substrate temperature. 
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Figure 2. Visible Raman spectra showing the evolution of the diamond peak and sp2-carbon related peaks as a 

function substrate temperature Ts. All substrates were Mo, except when indicated. 
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Abstract 
Methods for seeding silicon substrates with explosion produced nanodiamond powder and the in-situ generation of 
diamond nuclei by the bias enhanced nucleation (BEN) method have been studied to examine their effects on the 
nucleation density as well as the morphology, the growth rate, and the quality of nanodiamond films.  Besides the 
in-situ BEN process, three ex-situ diamond seeding methods were studied, i.e., (i) mechanical abrasion by diamond 
powder, and ultrasonication of silicon, (ii) with and (iii) without pre-treatment of the silicon substrate by a 
hydrocarbon plasma, in solvents with suspended nanodiamond. Although the growth of nanocrystalline diamond is 
predominantly controlled by the high secondary nucleation rate that is promoted by the high density C2 radicals in a 
noble-gas-rich microwave plasma environment, a higher diamond seeding and nucleation density on the substrate is 
also found to result in a higher growth rate for nanocrystalline diamond. With an optimized diamond seeding or 
nucleation process, ultra-thin, smooth and homogenous nanocrystalline diamond films have been fabricated.   

 

 
Figure 1- SEM photographs of the nucleation sides of NCD films grown using (i) diamond seeding by 
mechanical abrasion by diamond powder and (ii) ultrasonication of silicon in a solvent with nanodiamond 
powder.  Silicon was pre-treated by a hydrocarbon microwave plasma. 

 



 
Figure 2- Morphologies of the growth surfaces of nanodiamond films that were (i) seeded by diamond by 
mechanical abrasion using diamond powder (left) and (ii) in-situ nucleated with diamond by means of a bias-
enhanced nucleation process (right) (growth conditions: gas flow rates at CH4/Ar/N2=2/90/10sccm, 
microwave power of 700W, gas pressure at 125 Torr, deposition time for 1 hr.)  
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Abstract 

Interrupted growth experiments and topographical characterization using atomic force microscopy and 
scanning electron microscopy were used to understand the origin of defect formation during homo-epitaxial growth 
on well polished, diamond {100} substrates. Experimental evidence suggests that the origin of spiral growth patterns 
and trapezoidal growth hillocks could be traced to “mis-aligned” joining of two islands during growth on {100} 
substrates. The growth of mis-oriented islands on the well polished, diamond {100} surfaces occurred due to the 
local mis-tilts of the lattice caused by polishing in <110> direction. The results also showed that when the sub-
surface damage due to polishing was removed, the defect formation was minimized and a layer by layer growth 
mode was observed. Further experiments are needed to further understand the reasons for observed spiral growth 
patterns under cases where no stresses are present, i.e., spiral growth patterns on the {100} facets of vapor phase 
grown cubo-octahedral shaped crystals. 

 

Introduction 
Understanding the formation and propagation of defects at the atomistic scale is the key to the development 

of processes for synthesis of large area, defect free diamond. Homoepitaxial growth on {100} substrates is typically 
used for obtaining films with smoother surfaces compared to (111) and (110) surfaces. However, homoepi growth 
on (100) surfaces frequently results in several characteristic defects such as: pyramidal growth hillocks, trapezoidal 
features and spiral growth patterns. Although, the nature of these defects is well known in terms of their geometric 
character, the origin of such defects is poorly understood.  Several variations in growth conditions have been 
attempted to eliminate these defects and to obtain defect free films. These methods primarily relied on varying the 
growth temperature and feed gas compositions (ultra-low CH4 concentrations) which typically result in low growth 
rates. Many of the studies have used topographical characterization after final stages of growth on thicker films to 
observe the defect formation, which cannot be used to determine the origin of defects. A better understanding of the 
origin of defect formation during early stages would allow one to develop “high growth rate” recipes for homoepi of 
diamond.  

Here, we conducted a set of interrupted growth experiments followed by topographical characterization 
using AFM and SEM. The goal of these studies was to capture the early stages of defect formation and to follow the 
evolution of the same defect over a sequence of several growth runs. Such a morphological evolution sequence of 
defects, with respect to its local environment, is used to track the early stages of defect formation (or spiral growth 
pattern). However, due to the lack of large enough atomically smooth surfaces, mechanically polished (100) surfaces 
of HPHT type Ib diamond substrates were used.  

 
Experimental 

Growth experiments were performed in a MW plasma reactor using 0.33% CH4/H2 feed gases, 50 torr 
reactor pressure and 1100 watts microwave power. Same growth conditions were maintained throughout all the 
experiments. The as-received diamond substrates were mechanically polished and acid cleaned before any growth 
was performed on them. The mis-orientation of all the (100) surfaces used here, was maintained less than 1o.  In 
order to capture the early stages of defect formation, growth experiments were performed for duration of a few 
minutes, followed by topography analysis using AFM/SEM and optical microscopy. Several such sequential growth 



experiments were performed on the same substrates to obtain the morphological evolution of defects. Two different 
sets of substrates were used in these studies: (a) (100) substrates with <110> mechanical polishing grooves and (b) 
specially prepared (100) surface by removing the sub-surface damage caused by mechanical polishing. 

 
Results 

Experiments performed on substrates that were mechanically polished in the [110] direction resulted in 
typical defects on the surface. These defects occur primarily along the polishing grooves. Interrupted growth 
experiments performed in this work allowed us to determine the primary reason for defect formation. An example of 
the formation of a spiral defect is shown in Figure 1. The formation of the secondary crystallites, typically observed 
on defects on (100) surfaces, is identified to be due to the nucleation of a twined crystal on a local {111} plane 
appearing during the mis-aligned joining of growth islands. Homoepi growth on substrates that were treated for 
removing the mechanical polishing induced sub-surface damage resulted in defect free layers.  

 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 1. Formation of a spiral defect. (a) a perspective view of the defect during the early stages of growth 
indicating the role of polishing grooves (highlighted by white line), (b) different perspective view of the defect 
shown in (a) with increased z-scale and indicating the mis-aligned joining of two islands (shown in red and 
white and (c-g) morphological evolution sequence of the same defect shown in (a) and (b) over a sequence of 5 
growth experiments, each lasting 1 hr.  

 The typical evolution sequence of a spiral growth pattern as shown in Figure 1 strongly suggests that the 
island formation on either side of the groove is favored and their joining during growth typically resulted in a mis-
aligned joining as shown in Fig. 1(b). Further growth after joining led to spiraling of uneven surfaces. Earlier studies 
(1, 2) have revealed that mechanical polishing could generate enough stresses to cause local mis-tilts on the top 
surface of diamond stones. These mis-tilts in regions around polishing grooves allowed for such mis-aligned joining 
of islands across the grooves, causing spiral growth patterns. 
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Abstract 
Carbide derived carbon (CDC) is formed when the metal component of a ceramic carbide is extracted at a 
temperature low enough that the residual carbon cannot relax into the equilibrium structure.  CDC structures contain 
nanostructured amorphous carbon with substantial porosity, carbon onions and diamond structures.  CDC can be 
produced on SiC by exposure to chlorine containing gases at temperatures in excess of 800oC so that the silicon is 
removed as volatile silicon chlorine compounds.  The growth kinetics and properties of the CDC are influenced by 
the temperature of the reaction and the presence of additional gas species (particularly hydrogen) in the reactive gas 
mixture.   

The properties of CDC formed on SiC are of particular interest because CDC layers can improve the 
tribological performance of SiC components in bearings and other sliding friction applications.  The effects of 
temperature and reactive gas composition on the growth rate, hardness, friction coefficient and chlorine content of 
CDC layers has been investigated with the goal of identifying the processing conditions which produce the best 
combination of properties for sliding wear. 
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Abstract 
Plasma enhanced chemical vapor deposition (PECVD) is a powerful tool for synthesis of 
materials such as diamond, carbon nanofibers and carbon nanotubes. Its working parameters are 
easily tunable thus allowing us to perform various controlled process like doping, etching etc. In 
addition, the plasma above a substrate surface can be modulated by the substrate’s shape 
resulting in synthesis of amazing structures by this technique. Here we report the fabrication of 
carbon cones and helices on iron (or nickel) tips using the PECVD method. The cones are made 
of concentric cylindrical graphite sheets, which have similar structures as carbon nanotubes. The 
stacking sequence of inner layers prefer to a graphitic ones, that is, the chirality of each inner 
tubes tend to be the same. Due to their unique shapes and structures, these cones are potentially 
good candidates as electron emission tips and scanning probes. Other structures grown on the 
metal tips are the carbon nanohelices which can simply be deemed as twisted carbon ribbons. 
Their growth obeys a tip-growth model (catalyst particles are on the tip of the nanofibers). The 
field emission investigations revealed a low turn-on electric field.  
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Single crystal diamond grown by the CVD technique has been demonstrated to possess outstanding 
properties compared to single crystal diamond from other sources. Many applications of single crystal 
diamond (such as gem stones and optical windows) are highly sensitive to its optical properties; specifically 
its optical absorption and distortion at the wavelengths of interest. One technique used to manipulate 
diamonds optical properties is HPHT treatments. In this presentation, we will discuss our experience in 
using these treatments on single crystal CVD diamond. 



Large Single Crystal CVD Diamonds at Rapid Growth Rates 
 

Chih-shiue Yan, Yu-chun Chen, Shih-shian Ho,  
Ho-kwang Mao and Russell J. Hemley 

 
Geophysical Laboratory, Carnegie Institution of Washington,  

5251 Broad Branch Road NW, Washington, DC 20015 
 
The method of high growth rate single crystal CVD diamond [1] has opened new 
opportunities for the application of diamond. We report successful growth of large single 
crystal CVD diamond over 1 cm thick and 5 carat  at growth rate of ~100 µm/h. Various 
single crystal diamonds were synthesized by MPCVD at 8-20% CH4/H2, 0.2-3% N2/CH4, 
160-220 torr at various temperatures. All substrates were HPHT synthetic type Ib yellow 
diamonds with {100} faces on top and on the sides. Morphologies and colors of the as-
grown CVD diamonds strongly depend on the deposition temperature. At temperatures 
over 1500 oC, black layers begin to form. Below 900 oC, black microcrystalline material 
is deposited. Smooth colorless CVD diamonds enlarged along three dimensions are 
observed at lower temperature deposition. To increase further the size of the crystals, 
including three dimensional enlargement, gem-quality CVD diamond are grown at the 
above conditions sequentially on the 6 {100} faces of the substrate. By this method, a one 
inch cube of single crystal diamond (~300 carat) is achievable.  
 
1. C. S. Yan et al. (2002) Proc. Natl. Acad. Sci. 99, 12523-12525. 
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Abstract 

INTRODUCTION 
The non-specific binding of proteins at surfaces degrades the performance of surface-based biosensors and 

is also relevant for applications such as biomedical implants.  Molecules containing repeated ethylene glycol  

(-O-CH2-CH2-) units have been shown to resist the non-specific bonding of many proteins.  While long EG 
polymers can be used in many applications, for most surface-based biosensing applications one desires to have a 
molecular layer that inherently resists non-specific binding, and then to embed within that layer specific molecules 
that have a high affinity for binding specific proteins of interest.  In such applications, one desires to control the ratio 
of specific binding (to the target of interest) to non-specific binding (to other molecules) in a complex mixture of 
proteins.  One way of accomplishing this is to use mixed monolayer consisting of shorter EG oligomers, mixed with 
specific recognition elements of interest to form a monolayer film.  

Previous studies have shown that short oligomers of ethylene glycol consisting of only thee ethylene glycol 
units (“EG3”) can be effective at reducing non-specific binding of proteins to gold surfaces.  There has recently been 
great interest in the use of diamond as a platform for biosensing,1-3 mandating a desire to understand how to control 
the specific and non-specific binding of proteins by controlling the structure and chemical composition of the 
diamond surface..  In this study, we have investigated how covalent functionalization of diamond surfaces with short 
ethylene glycol oligomers containing between 3 and 6 EG units affects the non-specific binding of four model 
proteins to the surface.4-5  Studies have been performed using avidin, fibrinogen, bovine serum albumin, and casein 
as model proteins. We also used three different types of diamond samples: polycrystalline diamond thin films grown  
on silicon substrates, high-pressure high-temperature diamonds, and a natural single-crystal diamond, to help 
identify how surface roughness affects the non-specific binding.  Finally, by mixing these EG oligomers with 
specific biomolecular recognition elements (such as avidin, which has a strong affinity for avidin), one can 
maximize the surface chemical composition to maximize the specific binding of proteins to the recognition elements 
of interest, while simultaneously minimize the non-specific binding of other proteins.  Ultimately, our work 
demonstrates how to optimize the diamond surface structure and chemistry to control the specific and non-specific 
binding of proteins to the surface.  

  

COVALENT MODIFICATION WITH ETHYLENE GLYCOL OLIGOMERS  
 We previously developed a method for covalent functionalization of diamond surfaces using molecules 

bearing a vinyl (C=C) group at one end of the molecule. To covalently link biomolecules such as DNA to the 
diamond surface, it is possible to use molecules in which one end is terminated with a vinyl group and the other end 
of the molecule is terminated with an amine or other suitable chemical functional group.  Here, we use molecules 
with a vinyl group at one end and ethylene glycol oligomers at the other end.  

 The non-specific binding was measured in two methods.  In the first method, the surfaces were exposed to 
fluorescently-tagged proteins of interest.  After copious rinsing, the amount of residual protein on the surface was 
measured using a fluorescence imager.   Because fluorescence quenching at surfaces can significantly affect the 
fluorescence intensity, this method cannot be used for quantitative measurements or to compare different substrates, 
such as diamond and gold, that would be expected to exhibit very different amounts of quenching.  Consequently, 



quantitative measurements were performed using a wash-off method in which the protein bound to a surface is 
removed via chemical digestion and extensive soaking in surfactant, and the fluorescence intensity of this wash-off 
solution is measured with a sensitive fluorometer and compared with standards of known concentration.   

 Since amine groups are often used for covalent attachment of biomolecules to surfaces, we compared the 
EG-modified surfaces with those functionalized with primary amine groups.  Our experiments show that chemical 
modification with the short EG3 oligomer reduces non-specific binding on polycrystalline diamond samples by 
approximately 70% compared with the amine-terminated surface.   Our data show that functionalization of diamond 
with EG3 is very effective at reducing non-specific binding for all four proteins investigated.  However, we find 
additional reduction by extending the EG moiety from 3 to 6 unit, as the EG6 molecule reduces the non-specific 
binding of aviding by 98%, and by more than 90% for all four proteins investigated.   For comparison, we have also 
performed experiments using dodecene, which produces a surface functionalized with simple alkyl chains.  While 
dodecene also helps to reduce non-specific binding for some proteins,  it is significantly less effective than EG3 or 
EG6. 

 By mixing EG6 with a vinyl-terminated protected amine, it is possible to fabricate mixed monolayers of 
controlled composition on the diamond surface.  By measuring the amount of specific and non-specifically bound 
protein as a function of monolayer composition, we investigated how to optimize the monolayer composition to 
maximize the ratio of specific/non-specific binding.  For the case of avidin-biotin, we find that using a mixture 
containing approximately 70% EG6 and 30% amine groups produces more than a factor of 12 improvement in the 
overall ratio of specific to non-specific binding.   

 Finally, we compared the reduction of non-specific binding on diamond surfaces with different microscopic 
morphologies.  Quantitative measurements show that EG6-functionalized polycrystalline diamond samples resist 
non-specifically bound proteins to about the same extent as functionalized surfaces of gold self-assembled 
monolayers.  Since gold-SAM structures are widely used, this indicates that functionalized diamond surfaces are at 
least as good as gold-SAM structures.  However, in experiments using a (111)-cleaved natural single-crystal 
diamond, we find an additional significant  reduction.  The EG6-modified single-crystal diamond sample is 
significantly more effective at resisting non-specific binding than any other sample we have measurent.  These 
results indicate that the microscopic roughness present on microcrystalline diamond samples contributes 
significantly to the residual non-specific binding.  Thus, efforts to reduce the nanometer-scale roughness of diamond 
surfaces would be expected to yield further reduction in non-specific binding.  For biosensing applications, this in 
turn leads to improvements in sensitivity and selectivity.  

 Our results show that the behavior of diamond films can be significantly modified using molecular 
monolayers consisting of short oligomers of ethylene glycol. Photochemical modification of the surface using using 
ethylene glycol oligomers with a terminal vinyl group provides a mean to achieve this. Diamond surfaces covalently 
modified in this way are highly effective at resisting protein binding, while the use of mixed monolayers provides a 
way to add specific biomolecular recognition elements at will. Our results demonstrate a clear pathway for 
producing well-defined molecular layers exhibiting precisely-tailored biological interactions. 
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    Recently, carbon nanotubes and nanodiamond have emerged as  the more  advanced and fascinating forms of 
crystalline carbons. The outstanding mechanical, chemical, electronic and thermal properties of these nanomaterials 
suggest wide applicability in advanced technological areas. However the control of growth locations and orientation of 
such  nanostructures and the production of  well defined architectures on micro- and nano-scale is necessary for the  
development of  high performance materials.  
In this context we have focused our research activity on establishing strategies for the generation of deposits of carbon 
nanotubes with controlled organization in terms of alignment, orientation and  density. Moreover, the development of 
new experimental techniques has allowed us to produce  coatings of nanocrystalline diamond ( grain size in the range 5-
50 nm) on carbon  fibers [1]. 
In this communication we outline a methodology for the growth of nanodiamond on  bundles of  single-walled carbon 
nanotubes (SWNT). Using a CVD-based technique, metal-catalysed reactions of carbon species with hydrogen fluxes 
allow us to generate the two different phases during the same run. The reactants are atomic H and carbon nanopowders 
(mean diameter: 40 nm) carried by an Ar stream and delivered through a nozzle across the active area of the  substrate, 
where the C nanostructures are deposited.    

The substrates (Si plates coated by a sub-micrometer dispersion of Fe particles ) can be translated and  positioned at  
controlled distance  with  respect to   the heated filament of  the CVD reactor. Several characterization techniques  (FE-
SEM, TEM. RHEED,  Raman spectroscopy) are used to monitor the structural evolution and the growth progression of 
both carbon nanophases  in samples  with growth time ranging  from 1  to 15 minutes.  

The SEM analysis of samples grown for times less than 2 min shows  the initial formation of randomly oriented 
SWNTs assembled in bundles with diameters around 120 nm. After approximately 4 min the deposits are formed by  
nanotube bundles which begin to align parallel each other (self-assemble). In the samples grown for 6-8 min (Fig.1 a) 
the graphitic walls of the SWNTs appear covered  by  nanocrystalline grains with the typical features of diamond (s.g 
Fd3m) and  after 10 min the  diamond coverage  is complete along the whole length of the SWNT  bundles. At this 
stage the morphological characterizations evidence  arrays of  tubular structures covered  by  well  shaped   crystallites  
with diameters in the 20-100 nm range (Fig.1 b).   
The dynamic of the process is found to depend on the  relative abundance of atomic H impinging on the external surface 
of the nanotubes. First principle calculations carried out in order to investigate  the effects of H adsorbates on SWNT 
walls indicated that  the formation of C-H bonds  disrupts  locally the C-C  sp2 network  and promotes  the  creation of  
suitable sites for diamond nucleation  [2] . 
These hybrid carbon nanostructures are extremely interesting materials for nanotechnology  They are likely to find 
applications as efficient field- and electron-emitters but can also serve in mechanics, thermal management  and sensing   
on a nanometer scale . The functional properties of  carbon nanotubes coated by nanodiamond are  presently  under 
investigation   in our  laboratories.   
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Abstract 
Mesoporous carbons have recently attracted much attention, because of their usefulness as adsorbents for 

large molecules, components of electrochemical double-layer capacitors, catalyst supports and so forth. One of 
important recent achievements in this field was the synthesis of ordered mesoporous carbons through inverse 
replication of ordered mesoporous silica templates [1]. Herein we describe the combination of this approach with 
another novel route to nanostructured carbons based on the pyrolysis of nanoscale phase-separated block 
copolymers [2].  In the latter route, one block, e.g., polyacrylonitrile (PAN), serves as carbon precursor whereas the 
other block, immiscible with the first one, induces self-assembly into a variety of nanostructures and is sacrificed 
upon pyrolysis. Use of an organic sacrificial block, which is volatilized before carbonization of the carbon precursor 
block, poses the challenge in replicating and preserving of bulk nanostructure, in particular in maintaining the 
connectivity of mesopores.  We have now designed a new system, in which sacrificial block is water soluble and is 
used as a template for formation of silica.  Silicious phase acts as a scaffolding supporting the evolving carbon phase 
during the pyrolysis and is subsequently etched away, leaving behind mesoporous carbon.  Appropriate copolymers 
were synthesized using atom transfer radical polymerization (ATRP) which provides necessary control over the 
polymer composition and molecular weight.  Mesoporous carbons obtained from these novel precursors exhibited 
high specific surface area (typically 750-1000 m2 g-1), large pore volumes (up to 2.8 cm3 g-1) and pore diameters 
ranging from about 4 to 25 nm.  In contrast with most mesoporous carbons reported to date, they exhibited very low 
microporosity. We also explored the synthesis of ordered nanoporous carbons from PAN via the inverse replication 
procedure [3]. The polymerization of acrylonitrile in the pores of ordered mesoporous silica templates was 
performed, followed by PAN stabilization and carbonization, and by the dissolution of the silica template. The 
obtained ordered mesoporous carbons exhibited high specific surface areas (700-1000 m2g-1) and large pore volumes 
(0.8-1.8 cm3g-1).  The templates, precursors and carbons were extensively characterized using nitrogen adsorption, 
thermogravimetry, transmission electron microscopy, Raman spectroscopy and powder X-ray diffraction.  
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Abstract 
Research interest on  nanocarbons has been promoted by the discovery of carbon nanotubes and the emergence of 
CVD nanocrystalline diamond films. The different combinations of the configurations of electronic states of carbon 
atoms and short/long order of the bonds lead to different form of nanocarbons and provide them with unique 
properties. The synergistic combination of different forms of nanocarbon in order to take advantages of their unique 
properties  has the potential of yeielding materials with novel properties that could be used advantageously in 
applications such as nanoelecronics, protective coatings, and energy related technologies. In this presentation, we  
report our recent results on the  synthesis and integration of various nanocarbon materials.  

Various nanocarbons, including ultrananocrystalline diamond (UNCD) and CNTs, have been synthesized by using 
tailored  hydrogen-poor Ar/CH4 plasma chemistry, temperature and growth templates. The process for simultaneous 
growth of UNCD and CNTs was established for the first time and different configurations of integrations of UNCD 
and CNTs were obtained by self-assembly. Scanning and transmission electron microcopies (SEM & TEM), Raman 
Spectroscopy, and Near Edge X-ray Absorption Fine Structure (NEXAFS) confirmed the coexistence of 
ultrananocrystalline diamond (UNCD) and CNTs in the hybrid material, and also the direct covalent bonding of the 
two materials. Isolated diamond clusters interconnected with CNTs as well as fully-dense thin films were 
synthesized, and the relative proportion, nanostructure, and local order was easily controlled through adjustment of 
the nucleation conditions for the two phases, and can be further patterned via the straightforward application of 
known lithographic techniques. The capability to control the configurations and alignments of CNTs, and the 
success to grow CNTs and UNCD simultaneously, provides a novel approach to fabricate “self-assembly” 
nanostructured carbon materials. The hybrid nanocarbon materials have  the potential for technololgical applications  
such as materials for hydrogen storage  and membranes  fuel cells and electrodes in supercapacitors in order to 
increase the energy conversion efficiency. 

 

         
Figure 1. The simultaneous growth of ultrananocrystalline diamond and carbon nanotubes  
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Silicon on Diamond (SOD) is a substrate material engineered to address the major challenges of 
silicon-based VLSI-technology in particular thermal management and charge confinement. In the 
present SOD-concept, this is achieved by joining a single crystalline Si-layer (device-layer) 
suitable for the fabrication of IC’s with a highly oriented polycrystalline diamond (HOD) layer 
that serves as an electrical insulator, a heat spreader and a substrate. Therefore SOD represents 
an alternative SOI concept, where the thermally insulating SiO2 is replaced by highly thermally 
conductive diamond. 
 
First experiments and simulations aimed at the assessments of thermal management properties of 
fabricated SOD wafers were made and compared to Si and SOI. Two experimental methods were 
used to achieve this task, direct measurements of the temperature of metallic micro-strip heaters 
by exploiting their thermally dependent conductivity and thermal imaging of micro-strip heaters 
by using an IR-CCD camera. The theoretical assessment was performed by finite element 
modeling (FEM) of micro-strip heaters on Si, SOI and SOD. The results of the measurements are 
in good agreement with the values obtained by FEM and show that SOD can sustain >15-times 
higher power inputs than SOI, which translates into a ~4 times higher integration density of 
devices on SOD. 
 
After validating the primary benefits of SOD, namely its superior thermal management 
properties, the second task is to show device operation on SOD and compare the operation of 
these devices with respect to SOI. In addition the analysis of the interface properties between the 
Si-device layer and diamond is important to understand the operation of devices on SOD and 
their limitations. For this reason MESFETs and Schottky diodes are fabricated on the SOD and 
SOI wafer simultaneously, which will allow for a complete electrical analysis of the SOD 
concept and a direct comparison with the SOI technology. Evaluation of these first electronic 
devices on SOD wafers and a comparison to devices fabricated on SOI will be presented. 
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Abstract 
Due to its extreme hardness, chemical and mechanical stability, large band gap and highest thermal conductivity, 
poly-crystalline diamond (poly-C) is expected to be an excellent packaging material for biomedical and 
environmental MEMS devices. Recent wafer-level MEMS packaging approaches can be characterized into two 
categories; integrated encapsulation process[1] and wafer bonding process[2]. To apply poly-C MEMS technology on 
packaging, in addition to thermal management application as heat sink[3], a fabrication technology of all-diamond 
packaging panel with built-in interconnects (boron-doped poly-C) was reported[4]. This paper reports, for the first 
time, the development of poly-C thin film packaging technology which is integrated into the post-MEMS 
encapsulation process. Boron-doped poly-C is studied as a material for feedthroughs, which is embedded in undoped 
insulating poly-C package. 

 

DESIGN CONCEPT 
A diamond thin film package for MEMS devices, depicted in Figure 1 (a), is fabricated using a 3-mask process 
(Figure 1 (b)). After a 1-µm-thick boron-doped poly-C film is deposited and patterned for feedthroughs, a 4-µm-
thick poly-C film is deposited on 4-µm-thick sacrificial PECVD oxide. The poly-C film is patterned with fluidic 
access ports for the releasing of the package. These access ports are used to seal the package in final step consisting 
of additional poly-C growth, which will only grow on existing poly-C layers. 

 

PACKAGE FABRICATION 
A typical poly-C film fabrication involves seeding, growth and patterning. For seeding, diamond powder with an 
average particle size of 100 nm was applied on the sample surface using a diamond-loaded photoresist (DPR) 
technique[5]. Then, a poly-C thin film was grown using MPCVD system in a CH4:H2 (1.5 sccm : 100 sccm) gas 
mixture environment with 40 torr pressure at temperature of 730 °C. The Raman spectra taken on the deposited 
poly-C film show a sharp sp3 peak at 1332 cm-1, indicating high sp3/sp2 ratio. A microwave electron-cyclotron-
resonance (ECR) RIE system was used to dry-etch the poly-C film using the parameters shown in Table 1. The poly-
C feedthroughs were doped in-situ using tri-methyl-boron diluted in hydrogen (0.098%) as the source of boron. This 
doping technique leads to resistivities in the range of 0.003 – 0.31 Ω-cm[4]. The resistivity of the poly-C 
feedthroughs film in the test package (Figure 2) was 0.02 Ω-cm. 

 

RESULTS AND SUMMARY 
Figure 2 shows the first generation of fabricated diamond package. Fluidic access ports for etching were studied as 
shown in Figure. 2 (c) – (d). The poly-C thin film experienced compressive stress after release. Films with zero-
strains can be fabricated by adjusting the growth conditions. During the sealing of access ports, poly-C will only 
grow on the areas consisting of poly-C, with typical sealing pressures of 40 torr (the poly-C growth pressure). For 
packages requiring lower pressures, ECR CVD diamond growth, reported at 10 mtorr[6], can be used for the final 
sealing step. A new set of masks is being designed which can help to optimize the releasing of the package and 
sealing of the package under lower pressures. The poly-C thin film packaging technology is being reported for the 
first time and is expected to provide new structures/concepts in the MEMS packaging. 

 



Table 1. ECR plasma etching parameters 

Gas Flow Rate (sccm) 
Ar O2 SF6 

Microwave Input 
Power (W) 

RF Power 
(W) 

DC Bias 
(V) 

Chamber pressure 
(mtorr) 

Typical Etch Rate 
(µm/hour) 

8.0 28.0 2.0 400 100 -130 5 4.5 
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Figure 1  (a) Basic Concept and Cross-section view; (b) fabrication process. 

Figure 2  Fabricated poly-C thin film package; insets are close view of (a) package border, (b) poly-C 
feedthrough and (c) – (d) Study of etchant access port. 
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Abstract 
Nanocrystalline diamond films were deposited with an IPLAS CYRANNUS® plasma source. The 
functional principle of this microwave plasma source is based on a resonator with annular antennas. This 
special setup allows the use of plasma from low pressure (10-2 mbar) to atmospheric pressure (1 bar). 

The nanocrystalline films shown here were deposited in a pressure range between 200 and 300mbar 
from an Ar/H2/CH4 plasma. The films were characterized by two wavelength scanning micro Raman 
spectroscopy, SEM and AFM measurements. 

Since the C2 carbon dimers are believed to be the growth species for nanocrystalline diamond films the 
deposition rate was optimized using optical emission spectroscopy. The emission intensities of the C2 
dimer at 515nm from the microwave plasma correlates linearly with the absolute C2 concentration in 
Ar/H2/CH4 plasma [1] and can therefore be maximized by varying the CH4 concentration, the pressure 
and the gas flow. A correlation between the amount of C2 in the plasma and the deposition rate is shown. 

Residual stress is a critical parameter in thin film deposition and especially important for technical 
applications of nanocrystalline diamond films like tribological coatings or MEMS. High residual stress can 
lead to cracking or even to delamination of the film from the substrate. An ex-situ optical device (SSIOD 
“Surface Stress Induced Optical Deflection”) was used to measure the curvature of silicon substrates 
coated with nanocrystalline diamond films. With respect to Stoney’s equation one can calculate the 
residual stress from the curvature of the substrate. It is shown that the residual stress in the substrate can 
be varied in a wide range from compressive to tensile stress just by changing the gas flow of the process 
gas without changing the gas composition or the pressure.  

Birell et al. [2] have proposed that the 1120 cm-1 and 1450 cm-1 peaks in the Raman spectra are due to 
carbon-hydrogen bonds in the grain boundaries of nanocrystalline films. In this work a correlation is made 
between the residual stress measurements and the Raman spectras of nanodiamond films. It is shown 
that the spectra of films with low residual stress feature clearly visible peaks at 1450 cm-1 and at 1120cm1.  
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Abstract 
In this study, surface modification of poly (ethylene terepthalate) (PET) polymeric substrates using Si-incorporated 
hydrogenated tetrahedral amorphous carbon (ta-C:Si:H) thin films deposited by filtered cathodic vacuum arc 
(FCVA) system under tetramethylsilane (Si(CH3)4 (TMS) atmosphere has been investigated. A number of 
characterization techniques such as high-resolution synchrotron-based x-ray reflectometry, XRR, x-ray 
photoemission spectroscopy, XPS, multi-wavelength Raman spectroscopies, spectroscopic ellipsometry, SE, and 
surface profiler have been employed to investigate the role of microstructure, composition and surface morphology 
on the gas barrier performance of the FCVA films. We have demonstrated that 21 at.% of silicon-incorporation into 
the ta-C films has caused a complete reduction of the films’ intrinsic-stress (i.e. 10 GPa) and a complete 
disappearance of the surface micro-cracks. Stress reduction was attributed to the development of weak Si-C bonds 
(3.21 eV) as revealed by XPS, which played a role in releasing bond distortion of the nearby strong sp3 C-C bonds 
(3.7 eV; 411 KJmol-1). On the other hand, Si-addition significantly improved the permeation barrier performance 
against water vapor with a reduction factor up to 93%. In comparison with silicon-incorporated PECVD films [1] 
the results demonstrate that higher silicon- addition was needed for relaxing the highly stressed structure of ta-C 
films [10GPa]. In contrast to FCVA ta-C films, a thickness-dependence permeation study revealed that that 
solubility-diffusion was the main mechanism responsible for the transport of water vapor through ta-C:Si:H 
film/polymer composite.  
INTRODUCTION 
Amorphous diamond-like carbon (DLC) is becoming a new focus in the research field of flexible electronics. In 
addition to good impermeability to water vapor and oxygen, which is necessary for such applications, DLC’s 
possess intrinsic flexibility, high hardness, excellent chemical and thermal stability and they are transparent in the 
visible spectrum. However, high-level of intrinsic-stress (especially in the un-hydrogenated form of DLC) is a major 
drawback of these types of coatings. We have reported earlier that highly dense ta-C thin films with density (3.3 
g/cm3) near to that of diamond (3.5 g/cm3) have shown unexpected high water vapor transmission rate (WVTR) (1.3 
g/m3) with gas reduction factor (RF) value of 17%. This is due to the release of high residual-stress, which has 
affected the surface morphology with a network of deep micro-cracks. The build up of such high-level of residual 
stress is though to be an intrinsic property of these films caused by the subplantation process responsible on the 
growth of such hard films. Moreover, the transport of water vapor through surface inhomogeneties (i.e. micro-
cracks) is responsible on permeation of water vapor through ta-C films/PET composite, which has resulted in poor 
gas barrier performance for these hard coatings [1]. However, Si-incorporated PECVD a-C:H  stress-free films with 
lower density have shown high gas barrier performance with WVTR value of 0.03 g/m3 with RF value of 98%.  
In this study, we employed the Si-addition strategy for releasing the residual-stress in hard FCVA ta-C thin coatings 
deposited at varying tetramethylsilane (Si(CH3)4 (TMS) partial pressure onto PET polymeric substrates in an attempt 
to enhance the gas barrier performance of PET polymeric substrates.  

Results and discussion 
Figure 1.a displays an optical microscopy picture of PET polymer substrate coated with 130-nm-thick ta-C film 
where a network of cracks (wrinkles) spreads out over the whole substrate surface. AFM has revealed that these 
cracks have depths comparable to the film-thickness reaching down to the film/polymer interface. A similar surface 
morphology has been exhibited by a-C:H films on PET [1]. It is strongly believed that such a surface morphology 
should be attributed to the release of the residual-stress (9-13 GPa). To support the suggestion that residual-stress is 
the main reason for the observed surface morphology covered by a network of cracks, a series of ta-C films 



deposited at different TMS partial pressures (8.0 ×10-7-1.0 ×10-3) has been investigated for surface morphology. For 
films deposited at TMS flow rate of 40 sccm (21.5 Si at.%), a new structure has been observed that has almost zero 
compressive stress as indicated by surface-profilometric measurments. We have to emphasize that since TMS 
precursor gas has been used as a source of silicon, the new structure will include also hydrogen as well as silicon. 
Fig.1.b. shows an optical microscope image of 300-nm layer of ta-C:Si:H film on PET substrate. As one can see, the 
new surface morphology is completely free of any relevant relaxation (i.e. cracks).  

Fig.2. illustrates the evolution of the residual stress of the FCVA ta-C films deposited under varying TMS partial 
pressure on Si substrates. As one can see, the compressive stress exhibited a progressive reduction from ~ 10.5 GPa 
at 0.5 at.% silicon to almost 0 GPa with the increase in Si concentration up to 21.5 at.%. Since the bond strength of 
Si-C (320 KJ mol-1) is smaller than that of the sp3-hybridized C-C bonds (411 KJ mol-1), the formation of Si-C could 
be responsible for the reduction in residual stress in Si-incorporated films [2]. The high level of hydrogen may have 
prevented SiC crystallite formation by terminating ‘dangling bonds’ during the film growth process, especially for 
films with high Si/C ratios [3]. Moreover, Si-H bonds may also participate in causing the relaxation of the three-
dimensional rigid network of ta-C:Si:H structure and reduce the film stress.  

The induced structural modification caused by si-addition with stress-relief has led to not only the enhancement in 
the surface morphology but also significantly improved the gas barrier performance of ta-C:Si:H films in 
comparison with ta-C films ( as presented  in the inset of Fig.2). The reduction in water vapor reached a value of 93 
% for 400 nm-thick- ta-C:Si:H films. As a conclusion, this work demonstrated the feasibility of using modified ta-C 
films on soft substrates that could open a new application window for such a promising material. 

 
(a) (b) 

Figure 1. Optical microscopy pictures of a PET substrate (magnification of X10) coated with (a) ta-C film and (b) 
(b) ta-C:Si:H film. The figure clearly illustrates the effect of Si- and hydrogen-addition on the surface 

morphology of PET coated substrate. 
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Figure 2. (a)Compressive residual stress (evaluated by stylus profiler) of ta-C:Si:H films deposited on Si substrate 
at different TMS partial pressure (flow rate). (b)The reduction factor, RF, of water vapor permeation through the 

ta-C and Si-a:C:H coated-PET as a function of coating thickness (WVTRPET: 1.968 g/m2 day). 
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Abstract 

This research looks forward to the development of new materials that could ensure the protection 
of titanium alloys in relation the weariness, thus increasing its usable lifetime. Deposition of 
CVD diamond thin films were studied on titanium alloys, aiming at further objectives such as in 
mechanics industry and biomedical implants. Titanium alloys are biocompatible, though not 
being hemocompatible, deposition of a material with exceptional organic and mechanical 
properties as is diamond, brings the best solution to that challenge. Another important factor is 
the combination between the high traction force (or compression) and the low density of the 
titanium alloys (between 4,37 g/cm3 and 4,85 g/cm3), resulting in an extremely high ratio 
between force and density for the alloys. This relation is practically higher than all other metals, 
thus allowing to be applied in many applications. Several depositions were made and the 
characterization of the CVD diamond films on Ti6Al2Sn4Zr2Mo alloy at 600 C. Both stress and 
qualitative adherence were evaluated. Films were deposited using the assisted technique of 
microwave plasma. Various techniques were tested in the preparation of the substrate surface 
before depositioning the films, promoting its modification. Data for analysis are being obtained 
using Raman Scattering Spectroscopy for stress and purity cristallinity calculus. Based in the 
singularly properties of the CVD diamond and its potential in the condition of a new material, 
many basic studies and consequent applications in areas such the mechanical, electronics, optical 
and bioimplants. The qualitative adherence and the stress calculus that the film is submitted, both 
are related with the parameters of growing, substrate preparation, type of substrate, film quality, 
roughness and grain size. 
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Abstract 
Flat carbon plates have been used as the negative electrodes in many commercial Li-ion batteries. Their 

energy density is limited by the size of the cells or vice versa. These 2D batteries are not useful for applications in 
miniature electronic devices such as sensors, cardiac pacemakers, and hearing aids. Advanced materials and novel 
battery designs are desirable and will determine future advances of miniature Li ion batteries. By using carbon 
microelectromechanical systems (C-MEMS), we have fabricated 3D microbatteries based on arrays of carbon posts 
that have high aspect ratio (>10). We have demonstrated that Li ions can be charged and discharged in these carbon 
posts. The obtained capacity is ~220 mAh g -1, which is within the range of reversible capacities reported for coke. 
We have further integrated carbon nanotubes and carbon nanofibers on these 3D C-MEMS microbatteries for 
enhancing their storage capacity.  

 

INTRODUCTION 
Our C-MEMS fabrication process is based on the pyrolysis of photolithographically patterned photoresists 

[1-3]. Upon miniaturization of the active battery material in an array of posts, an increased Li capacity is important. 
This is very desirable so that besides increasing power density and decreasing battery charge/discharge rates, we 
also can maintain a high overall battery capacity. Since it has been shown that single-walled carbon nanotubes 
reversibly intercalate Li up to a rate of Li2.7C6 after applying an appropriate ball-milling treatment [4], we are now 
combining C-MEMS structures with CNTs and CNFs. The use of CNTs and CNFs in microbatteries has not been 
demonstrated. Further, the issue of the contact interface between these nanomaterials and current collectors has not 
been addressed. 

 
EXPERIMENT AND RESULTS 

We have fabricated 3D microbatteries based on arrays of carbon posts that have high aspect ratio (>10) as 
shown in Figure 1. Further, we have integrating both CNFs and CNTs into C-MEMS posts for achieving higher 
electrode surface areas and higher Li intercalation rates. As shown in Figure 2, CNTs can be uniformly grown on 
these C-MEMS posts. Furthermore, we have also been able to grow arrays of very high-density vertically-aligned 
multiwalled carbon nanotubes (MWNTs) by catalytic thermal chemical vapor deposition [5]. The application of 
these C-MEMS/CNTs, C-MEMS/CNFs, and pure CNTs arrays 3D Li ions microbatteries will be discussed in the 
conference. 
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Figure 1. Arrays of carbon posts fabricated by C-MEMS technique. 

                                              

 

 

 

 

 

 

 

 

            

                                                       

Figure 2. Growth of carbon nanotubes on arrays of the 3D C-MEMS posts. 
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Abstract 
Amorphous carbon nitride (CNx) thin film is being investigated for use as a high temperature dielectric for high 
energy density, high pulse power capacitors.  It is anticipated that CNx will display properties of high thermal 
conductivity, thermal stability, electrical resistance, and electrical breakdown strength.  However, CNx films 
containing high concentrations of hydrogen exhibit poor electrical and thermal characteristics  Initial deposition 
techniques resulted in CNx films with hydrogen concentrations as high as 40 at.%.  Through control of the vacuum 
environment and deposition parameters of a dual ion-beam assisted, ion-beam sputter deposition system, CNx films 
are created with hydrogen concentrations averaging less than 5 at.%.  Elemental analysis using Rutherford-
Backscattering Spectroscopy (RBS) and Elastic Recoil Spectroscopy (ERS) on CNx samples annealed in 99.999% 
argon shows that the resulting films are thermally stable up to 500ºC.  Capacitance measurements performed on CNx 
films low in hydrogen concentration reveal resistivities up to 1 x 1013 Ω-cm. 
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Abstract 
Pulsed-laser (PLD) and vacuum arc deposition techniques (VAD) are successfully applied for thin film synthesis, 
especially for the preparation of super hard amorphous carbon films (ta-C) and carbon nano-structures. The main 
advantage of both technologies is that the evaporated material is nearly completely ionized. PLD is a well controlled 
process, which can be used for the deposition of nearly all materials (conducive and dielectric) with a defined nano-
structure, but with a low efficiency. VAD is an industrial used technology for hard coating deposition with high 
deposition rate and efficiency, but limited in controlling the arc discharge. The stochastically movement of the 
cathode spots induces macro-particles, which will be included in the deposited films. These particles are the reason 
for a restricted coating quality by a high surface roughness and defect density. To deposit coatings of a high quality 
with VAD technologies, the arc discharge has to be better controlled and filter techniques have to be applied for 
removing macro-particles from the plasma.  

LASER-ARC PROCESS  
The Laser-Arc process is developed to combine the advantages of PLD and VAD for a controlled deposition of high 
quality carbon films with a defined nano-structure with a high deposition rate. In the Laser-Arc process the arc 
discharge is guided on the cathode surface in a highly controlled manner by positioning the igniting laser pulses. The 
burning time of the arc is limited to 130 µs by the high current power supply. Using a peak arc current between 1 
and 1.8 kA the splitting cathode spots move from the ignition point (the laser spot) driven by intrinsic magnetic 
fields. The subsequent arc pulse will be ignited at a fresh position of the cathode by moving the laser beam. This 
way overheating and melting of the cathode surface is prevented and the particle emission is reduced. Efficient 
deposition rates are obtained at repetition rates of 1 kHz. To coat large areas the cathode roll is 400 mm in length. 
By linear scanning the laser beam and simultaneously rotating the cylindrical cathode a very regular erosion of the 
cathode material is achieved (Fig. 1) [1]. 

For industrial coating application the cathode was arranged in a separate source chamber (Laser-Arc Module/LAM), 
which can be combined with any conventional industrial used batch coater. The advantage of this LAM concept is 
that the whole equipment and all functions of the basic coater (e.g. vacuum production, sample planetary, cleaning 
technology, hard coating deposition and some more) can be used. Additionally, conventional coatings can be 
overcoated with hard ta-C, nano-structured or modified carbon top films [2].  

SUPER HARD AMORPHOUS CARBON FILMS (DIAMOR®) 
The plasma created by the laser controlled high current arc discharge is characterized by nearly complete ionization 
and high kinetic energies of the ions (e.g. 3- - 50eV for carbon). If the deposition is carried out under high vacuum 
(p < 10-3 Pa) conditions at low substrate temperatures (T < 150°C), amorphous carbon films are obtained. Their 
hardness reaches values between 2,000 and 6,000 HV depending on the deposition parameters. The film micro-
structure is dominated by diamond-like bonds (sp3). Film thicknesses of 10 µm and more with an excellent adhesion 
to steel are achieved if a special plasma surface treatment and interlayer preparation is applied. But also other 
substrate materials can be coated successfully, especially Ti and Al alloys or plastics (low thermal load during the 
coating process). Such films are successfully tested as wear protecting coatings with a low friction coefficient in 



tribological friction pairs under high mechanical loads without lubrication. Diamor coated tools are successfully 
applied for dry machining of Al-alloys [2]. 

NANO-STRUCTURED CARBON FILMS 
If the carbon deposition is performed in a residual inert gas (Ar) atmosphere at pressures up to 4 Pa the film 
structure is dominated by graphitic bonds (sp2). The films still exhibit a high hardness of about 4,000 HV and a 
corresponding Young’s Modulus of more than 400 GPa. The reason of the unexpected high hardness of graphitic 
carbon films was found in the nanostructure by means of a high resolution transmission electron microscopy study. 
Fullerene-like nano-particles were found to be the reason for the high stiffness and elastic recovery properties of 
such films. High stiffness is not only typical for diamond but also inside the graphite layers. The easy sliding of 
these layers is suppressed by the curved and closed geometry of graphite nano-structures [3]. In contrast to more or 
less non-conducting diamond-like carbon films these nano-structured films are electrically conductive and have a 
similar wear resistance and low friction.  

 

 

 

 

 

 

 

 

 

Figure1. Scheme of the Laser-Arc process and industrial used Laser-Arc-Module (LAM). 

 

 

 

 

 

 

 

 

Figure 2. HRTEM image of a nano-structuredC-film (top view)  
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Abstract 

In last four decades, the miniaturization of semiconductors devices (e.g. integrated circuitry) 
has been following Moore’s Law with feature (e.g. transistors) density double in about every 18 
months.  This relentless geometrical progression would require the technological breakthroughs 
of many fronts such as UV photolithography with ever high frequency and nanom chemical 
mechanical planarization (CMP) with ever-small variations.  However, with feature sizes of 
semiconductors entering the virus domain (10 to 100 nm), two physical barriers emerge that may 
not be surmountable with current wafer and substrate materials.  These two barriers are 
stemming from the Second Law of Thermodynamics, i.e. entropy will increase along with the 
work performed in a closed system of semiconductor world.  The entropy is the unwanted 
energy that may exhibit in random vibration of atoms, i.e. phonons (waste heat), and quantum 
fluctuation of charges, i.e. defects (intrinsic carrier). 

The first barrier arises due to the accumulation of waste heat that cannot be effectively 
channeled out from the crystal lattice of Group IV semiconductors (e.g. Si, SiC) or III-V 
compound materials (e.g. GaAs, GaN).  Semiconductors have thermal conductivities that are 
only a fraction of copper metal (about 400 W/mK) so it is now chilled by copper heat spreader.  
However, with the power density increasing beyond 2 watts/mm2 for the next generation chips, 
copper heat spreader will become a reservoir for heat accumulation rather than a river for heat 
transfer. 

The second barrier arises due to the accumulation of charge carriers (electrons and holes) 
that are intrinsic to quantum fluctuation.  These noisy charges will obscure the processed signal 
of electrical current.  Moreover, the higher the temperature of the operating semiconductor, the 
more uncertain is the transmitted message.  Eventually, the signal becomes unrecognizable or 
unreliable so the device will fail. 

Both problems of phonon scattering and charge fluctuation can be reduced by increasing the 
bonding energy and by reducing its directional anisotropy of the crystal lattice.  Diamond has 
the highest bonding energy with highest crystal symmetry of all materials.  The strongest 
atomic structure allows diamond lattice to vibrate with the highest frequency, so it has the fastest 
sound speed (18 km/second) with the largest thermal conductivity (2000 W/mK).  The strongest 
atomic structure also makes diamond lattice most stable even at high temperatures.  
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Consequently, diamond is the hardest and most rigid material with the lowest intrinsic carrier 
density.  Diamond superlative structural stability is exhibited in its highest break down voltage 
for semiconductor applications. 

The highest thermal conductivity makes diamond the ideal heat spreader.  The lowest 
charge fluctuation makes diamond the dream barrier substrate.  Hence, semiconductor on 
diamond (SOD) can be the best semiconductor on insulator (SOI) that is envisaged for making 
future ULSI, laser diodes, LED, microwave (MW) generators, and other signal processing or 
optic-electronic devices. 

Recently breakthroughs of CVD diamond film deposition and polishing technologies have 
made diamond substrates engineering possibility rather than research curiosity.  For example, 
Kinik Company is now offering diamond wafers up to four inches with a price comparable to 
commercial substrate materials (e.g. sapphire, silicon carbide).  Moreover, the super smooth 
(e.g. Ra about 2 nm) polycrystalline film can be over coated with a submicron layer of hexagonal 
AlN that is preferentially oriented with (002) lattice plane in parallel to the interface.  AlN is 
fully compatible with diamond in mechanical matching (e.g. thermal expansion rate) and 
chemical joining (e.g. covalent bonding coupling).  Moreover, its (002) plane is closely similar 
to (111) face of diamond lattice.  In essence, the oriented AlN coating has transformed 
polycrystalline diamond grains in volume into a single crystal plane on surface.  Such an 
orientation transformation creates an ideal buffer layer for epitaxial deposition of Si, SiC, GaN, 
InN, GaAs or other semiconductors.  Consequently, Kinik’ DiAlN® wafers are suitable to make 
next generation ULSI, LD, LED, MW devices that are capable to operate with excessive power 
and frequency. 

In addition to for making future information processing devices, the DiAlN wafer is well 
suited as communication message interfaces with power and frequency dwarfing the current 
designs.  For example, AlN is piezo-electric so it can convert electromagnetic signal into sound 
wave, and vice versa.  Consequently, DiAlN substrate can be an efficient surface acoustic wave 
(SAW) filters that are indispensable for receiving and transmitting wireless signals.  Unlike 
current ceramic SAW filters (e.g. LiTiO3, LiNbO3) that are thermal insulator and ionic conductor 
that will build up heat and leak out electricity, DiAlN is thermal conductor and electrical resistor 
so it can handle much higher frequency (e.g. >10 GHz) and power (e.g. Kw) that can burn out 
instantly the current designs of ceramic filters used in cell phones and other wireless 
communication devices. 

In summary, DiAlN wafers are a cost effective solution for epitaxial deposition of 
sophisticate semiconductors and for piezo-electrical transmission of electromagnetic signals.  
The implementation of DiAlN substrate on the commercial scale will usher our way into the next 
3C (computer, communication, consumer) and 3G (third generation of design) society that is 
based on the efficiency of knowledge integration. 
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Electrochemical characterization of undoped hydrogen terminated diamond 
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Hydrogen terminated diamond shows two properties which attract significant attention and controversial 

discussions. The first property is the negative electron affinity (NEA) of about -1.1 to -1.3 eV which is 

generated by C-H dipoles at the surface [1]. The second property which can be detected in combination 

with H-termination is a conductive p-type surface layer, detectable on samples which are exposed to air. 

It is assumed that the conductive layer is generated by transfer doping where valence-band electrons 

diffuse into a wetting layer of appropriate pH value. Contrary to this proposal, the pH-sensitivity of such 

layers has been reported not to follow this prediction [2].  

In this paper we discuss cyclic voltammetric experiments performed for the first time on several 

undoped H-terminated single crystalline diamond films, using different redox couples in electrolytes in 

a triode chemical reactor where the working electrode is diamond, the counter electrode is Pt and the 

reference electrode is saturated Calomel. The diamond substrates (Ib and IIa) have been homoepitaxially 

overgrown and hydrogen terminated at 800 oC in H2 atmosphere (25 Torr) using a microwave plasma 

discharge (750 W). After cooling of the sample to RT, a mechanical cleaning has been applied to 

remove a soft carbon layer, which forms during the cooling in the plasma/H2 atmosphere.  

We applied cyclic voltammetric experiments as the chemical potentials of the electrolytes are known 

and can be varied by change of the redox couple/electrolyte system. The results (a typical example is 

shown in Fig. 1 for Ferrocyanide in Na2SO4) reveal: a) Undoped hydrogen terminated diamond is a 

perfect electrode with a chemical window in the range -2.4 V to +1.5 V. b) For voltages larger than +1.5 

V oxidation takes place which can be monitored by detection of the peak currents. c) For Ferrocyanide, 

the peak currents are separated by about 625 mV which is a result of the electron transfer rate limiting 

diamond electrode. We apply the Marcus-Gerischer Model [3] to discuss these features. In addition, we 

have realized pH-detectors based on H-terminated diamond to measure the pH-dependence of the 

surface conductive channel in different electrolytes and find that the surface conductivity follows the 

Nernst equation nearly perfectly (56 mV/pH). The channel current of typical 10 µA is confined in a 

narrow energy well which shows leakage currents in the range of nano-amperes. The hole-density is 

photosensitive to light of 4 to 4.5 eV as detected by photocurrent experiments. In addition, for these 



photon energies we also detect an onset of secondary photoelectron emission by total photoyield 

experiments which may be important to understand the photochemical attachment of amine groups on 

diamond.  

Our experiments clearly reveal that a perfectly hydrogen terminated and clean diamond surface has an 

unpinned surface Fermi level, which gives rise to surface conductivity by transfer doping according to 

the Nernst equation. Our results will be discussed in detail taking into account the chemical potentials, 

the NEA and the specific properties of cyclic voltammetry experiments. 

 

1) F. Maier, J. Ristein, L. Ley, Phys. Rev. B 64, 165411 (2001). 

2) H. Kawarada, Y. Araki, T. Ogawa,, H. Umezawa, pys. stat. sol. A, 185, 79 (2001). 

3) H. Gerischer, in „Physical Chemistry: An Advanced Treatise”, Vol. 9A, H. Eyring, D. Henderson,  

    W. Jost, Eds., Academic, New York, 1970. 

 

 

 
 
 
 
Fig. 1: Typical cyclic voltagrams, using Ferrocyanide in Na2SO4 and H-terminated diamond and the 
related energy diagram of the diamond/electrolyte-redox system. 
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Abstract 
 

Boron doped nanodiamond microprobe with an excellent electrochemical sensing behavior has been 
developed. The microprobe was fabricated by plasma enhanced chemical vapor deposition (PECVD) of 
nanodiamond on a sharpened tungsten microprobe with trimethyl boron (TMB) as a doping source. 
Electrochemical behavior of the microprobe was characterized by chronocoulometry and cyclic 
voltammetry in a three-electrode cell compartment to detect Fe(CN)64- with KCl as background. Excellent 
noise-free signals down to pico-ampere range have been achieved. The probe displays reversible kinetics 
and a high signal to background ratio with low background current without the need of surface 
pretreatment. There is no indication of adsorption of analytes at the nanodiamond surface. The 
characterization was also performed on different active areas of the electrode that demonstrated a stable 
increase in current density with scan rate.  The general sigmoidal shape of the voltamogram indicates 
spherical diffusion (rate-limited) dominated reaction mechanism. 
 
INTRODUCTION 

Micropolycrystalline PECVD diamond with controlled conductivity, dimensional stability and chemical 
inertness is a promising electrode material for electrochemical analysis. A wide range of electrode 
impedance can be realized by varying electroactive area or doping conductivity of such diamond electrodes 
thereby achieving detection of in-vivo electrical signals and electrochemical analysis of chemical species. 
However, little research in this capacity has been reported utilizing nanocrystalline diamond [1]. This work 
reports the electrochemical behavior of boron doped nanodiamond coated tungsten microprobe in Fe(CN)6

4-

with KCl as background analyte. The nanodiamond microprobes show negligible adsorption of species at 
the electroactive surface during electrochemical analysis. Nanodiamond microprobes with different 
electroactive areas have also been characterized for sensitivity in electrochemical analysis. 
 
EXPERIMENTAL 

Nanodiamond microprobes were fabricated by selective deposition of nanodiamond on a sharpened 
tungsten microprobe. Diamond deposition was in an Astex PECVD system at power 400 W, temperature 
750 ˚C, and pressure 14.5 Torr, with methane/hydrogen flow rates 15/138 sccm. Boron doping of 
nanodiamond was achieved with TMB as the dopant source with flow rate 10 sccm. The electrode was then 
sealed in a glass capillary using insulating polymer with 50 µm of the nanodiamond tip exposed for 
electrochemical sensing. The nanodiamond microprobe was used as the working electrode for 
chronocoulometry [2] and cyclic voltammetry [3] in a three-electrode cell compartment.  
 
RESULTS AND DISCUSSIONS 

Three nanodiamond microprobes with different electroactive areas were fabricated. A typical optical 
microscope image of a sealed nanodiamond microprobe tip is shown in Figure 1. The electroactive areas of 
the electrodes were determined using two-step chronocoulometry and the slope obtained in equation (1) [2].  

π
DnAFCSlope 2

=                                    (1) 

where n is the number of electrons participating in a single transfer, A is the area of the active electrode, F 
is the Faraday constant, C is the concentration and D is the diffusion constant.  
Figure 2 shows the two step chronocoulometry with nanodiamond microprobe in 3.9 mM Fe(CN)6

4-/3- in 
0.1 M KCl. The intersection of oxidation and reduction components at zero axis (origin) shows that there is 



negligible occurrence of adsorption at the nanodiamond surface. Figure 3 shows the CV for detection of 
various concentrations of Fe(CN)4

4-/3- in 0.1 M KCl at a scan rate of 10 mV s-1. The curve displays high 
signal to background ratio and absence of any noticeable noise. The peak separation varies from 93 mV to 
124 mV. The reversal peak ratio (Ip,red/Ip,ox), which varies from 0.95 to 0.96, satisfies the requirement for a 
redox couple. The sigmoidal shape of the voltamogram indicates rate-limited rather than diffusion limited 
reaction mechanism. Figure 4 shows the variation of oxidation current with various concentrations of 
Fe(CN)6

4-/3-. The curve shows a linear variation of the current as the concentration of the analyte increases.  
 
CONCLUSION 

The nanodiamond microprobe is an excellent electrode for electrochemical analysis. It picks up current 
down to pico-amps range with noise-free signals.  The immunity to adsorption at the nanodiamond surface 
and optimization for rate-limited reaction mechanisms makes it suitable for in-vivo and in-vitro analysis. 
Moreover, the variation of chemical reaction rate and current as the microprobe approaches targeted tissue 
in-vivo can be measured with SECM (Scanning Electrochemical Microscopy) facilitating reproducibility 
for applications such as neurological mapping. Details of SECM data will be included in the paper.  
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OBJECTIVE 
We intend to characterize boron-doped diamond (BDD) microelectrodes for nitric oxide (NO) detection using flow 
injection analysis.  Our ultimate goal is to utilize our electrodes for localized, in vitro, real-time NO detection. 

BACKGROUND & RATIONALE 
Nitric oxide is a free radical signal molecule involved in many physiological functions and pathological changes in 
the nervous system, immune system, epithelial systems, smooth muscles and other tissues.  In the retina, NO is a 
neurotransmitter synthesized by enzymes; it is also associated with a number of detrimental ocular conditions 
including uveitis and glaucoma1.  Ability to measure NO reliably in real-time will advance the understanding of 
physiological and pathological processes in the retina.  Typical NO detection methods, see Ref 2, include 
chemiluminescence and colorimetry, although these provide indirect NO measurement and cannot be used in vitro 
for localized, real-time sensing.  Electrochemical (e.g., cyclic voltammetry, amperometry) detection of NO is 
appealing because it may directly measure NO concentration and is inexpensive, sensitive, and relatively non-
destructive to biological surroundings.  The lower detection limit at typical electrodes (e.g., carbon-fiber,3,4 glassy 
carbon, pyrolytic graphite, and gold) for prepared NO solutions is ~1 µM; this limit varies with electrode material, 
surface modification scheme, and whether oxidation or reduction of NO is implemented for detection.  NO’s fleeting 
existence (seconds) and overall reactive environment in the retina make in vitro, real-time, selective, electrochemical 
detection difficult using aforementioned electrode materials. 

Another major issue is that nitrite, NO2
-, the primary interfering species for NO detection, undergoes its oxidation at 

a similar potential (< 100mV potential difference); thus, convolution of the response from a NO and NO2
- mixture is 

necessary.  Electrode surface modifications are typically used to tackle this problem; modifications,5,6 e.g., by 
metalloporphyrin or metalloprotein layers, to catalyze electron transfer and enhance sensor selectivity may 
significantly limit sensor response time.  Other possible interferers in the retina include dopamine and acetylcholine. 

Diamond’s extreme chemical stability should provide advantage for long-term, electrochemical detection in 
biological media.7  In addition, diamond has been shown8 to slow oxygen reduction, another interfering reaction in 
biochemical detection.  Electrochemical detection of NO on a bare, BDD macroelectrode (area, 0.07 cm2) using 
slow scan cyclic voltammetry (20 mV/s) has been reported by Spataru et al.9  The detection was not selective for 
NO over NO2

-; the NO2
- detection limit was <50 nM.  No reports of NO detection on BDD microelectrodes are 

known.  Using our CVD techniques, we can fabricate sufficiently small microelectrodes to enable localized, in vitro 
detection of NO. 

METHODS & RESULTS 
Boron-doped diamond macro- and microelectrodes were fabricated via hot-filament CVD.  BDD macroelectrodes 
detected NO and NO2

- oxidation, by slow scan voltammetry (scan rate, ~200 mV/s).  Diamond microelectrodes were 
characterized for NO and NO2

- detection in a flow cell system using fast-scan cyclic voltammetry (FSCV, scan rates, 
ca. 100 V/s) to simulate neurotransmission (ms) time scales; the effect of scan rate on current responses was studied.  
We believe this is the first report of FSCV for real-time NO detection; typically amperometry3 and differential 
normal pulse voltammetry (DNPV)4 have been used.  Carbon-fiber microelectrodes were controls for these 
experiments.  Diamond surface modification schemes from diazonium salt precursors (see Ref 10), including 
enzyme attachment, were used to best maintain ultrasensitivity and promote selectivity.  NO detection in retinal 
tissue with BDD microelectrodes was also pursued. 

Initial experiments using BDD macroelectrodes verified (data not shown) the ability to detect NO (nominally 
10 µM) in prepared NO-containing electrolytes; BDD also appeared to display good selectivity of NO to NO2

-.  
Selectivity was only observed on macroelectrodes; the source of this behavior is likely linked to surface chemistry.  
For FSCV flow injection, carbon-fiber microelectrodes had a NO detection limit of ~1 µM, consistent with literature 



for amperometry3 and DNPV4.  BDD microelectrodes were more sensitive, yielding a NO detection limit of ~10 nM 
(See Fig 1); unfortunately, the sensitivity decreased over time.  NO peak current was found to vary with the square 
root of the scan rate, in agreement with Spataru et al,.9 for NO as a non-adsorbing species.  Our data suggest that the 
initial sensitivity and stability of BDD electrodes are affected by growth conditions and surface chemistry.  Progress 
with our ongoing surface chemistry strategies as a means to understand these relationships will be presented. 
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  Various studies have been done on the development of catalysts for direct methanol fuel 
cells.i,ii  Various composite systems has been studiediii,iv,v.  Electrocatalysts with nano-particles 
have been found to have high activity, which was found to depend on the particle size, the nature 
of the support as well as the method of preparation.vi 

 Boron-doped diamond films exhibit very high stability both chemical and 
electrochemically treatments.  Other advantages of diamond over other carbon materials are a 
potential window of approximately three volts, and at least an order of magnitude lower 
background current, compared to glassy carbon.  Some of these same advantages make it an 
excellent candidate as an analytical electrode for the examination of noble metal alloys catalyst.  
This excellent stability provides a rationale for the control of the bonding between the metal 
nanoparticles and the diamond surface.  Nanoparticulate diamond may be attractive as an 
electrocatalyst support for fuel cells. 

The electrochemical behavior of boron doped diamond (BDD) films was examined in 0.5 
M H2SO4 using cyclic voltammetry.  The morphology of low-quality diamond (LQD), high-
quality diamond (HQD) and polished diamond films has studied using SEM.  The boron doped 
diamond films were characterized using SEM/EDS, X ray diffraction analysis, XPS and Raman.  
Platinum, Ruthenium, and Molybdenum deposition has been done by (1) cyclic voltammetry in 
metal solution at 50 mV/s doing a potential sweep between 0 V and 1.5 V.  Various catalyst 
composites, incluiding, Pt/Ru, Pt/Ru, Pt/Ru/Mo on polycrystalline boron-doped diamond will be 
tested for methanol oxidation.  The modified diamond surfaces will be characterized by 
SEM/EDS, XPS, and AFM. 
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Abstract 
The surface properties of ultrananocrystalline diamond (UNCD) thin-films, which include low friction 
coefficients, extreme chemical and biological inertness, and superb electrochemical properties, depend 
strongly on the UNCD surface chemical compositions. The control and manipulation of the surface 
chemistry of UNCD is essential in tailoring its surface properties for specific applications such as hard 
wear coatings, cold-cathode electron sources, biomedical implants, and chemical and biological sensors. 
Accordingly, we have developed different strategies for surface functionalization and interfacial 
engineering of UNCD thin films. Oxygen or ammonia plasma treatment allows for the introduction of 
oxygen or nitrogen containing functionalities to the H-terminated UNCD surfaces. Electrochemical 
reduction of diazonium salts is also used to introduce different aryl derivatives onto UNCD surface, 
which enables the control over UNCD surface charges and surface hydrophobicity. The surface 
morphology and chemistry of the chemically modified UNCD films were fully characterized using atomic 
force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and contact angle measurements. 
Cyclic voltammetry (CV) and ac impedance spectroscopy were employed to probe the charge transfer 
kinetics at the modified electrode/electrolyte interface. The attached organic adlayer also served as a 
linker for the subsequent coupling of a variety of biomolecules. We have demonstrated that covalent 
immobilization of redox active enzymes (e.g. glucose oxidase) onto UNCD surface could be achieved via 
the surface tethered amino or carboxyl functionalities. Fluorescence microscopy and electrochemical 
measurements were used to validate the biological functionalization and the enzymatic activities of the 
tethered biomolecules. The potential of UNCD based bio/organic-inorganic interfaces for biomedical 
implants and electrochemical biosensing applications will also be discussed. *This work was supported 
by the U.S. Department of Energy, BES-Materials Sciences, under Contract No. W-13-109-ENG-38.  
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Abstract 
The transformation of nanodiamonds into carbon-onions (and vice versa) has been observed experimentally and has 
been modelled computationally at various levels of sophistication [1,2]. Also, several analytical theories have been 
derived (by a number of research groups) to describe the size, temperature and pressure dependence of this phase 
transition [1]. However, in most cases a pure carbon-onion or nanodiamond is not the final product. More often than 
not an intermediary is formed, known as a bucky-diamond, with a diamond-like core encased in an onion-like shell. 
This has prompted a number of studies investigating the relative stability of nanodiamonds, bucky-diamonds, 
carbon-onions and fullerenes, in various size regimes. Presented will be a review outlining results of numerous 
computational and theoretical studies examining the phase stability of carbon nanoparticles, to clarify the 
complicated relationship between fullerenic and diamond structures at the nanoscale [1]. 
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Multiscale Modeling of Fracture of Graphene Sheets and Carbon Nanotubes 
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A coupling method that bridges quantum mechanical (QM) calculations, molecular 
mechanics (MM) simulations, and continuum mechanics (CM) was developed, and 
employed to simulate the fracture of defected graphene sheets and carbon nanotubes 
(CNTs). Different coupling strategies are used at the QM/MM and MM/CM interfaces. 
Coupling between MM and CM is based on a domain decomposition scheme in which 
displacement compatibility conditions are imposed. Coupling between QM and MM is 
achieved by replacing MM calculations of the energy of defect-containing fragments by 
direct QM simulations.  The coupling method was then verified by comparing with direct 
QM calculations of the energetics of uniaxial tension of defected single-walled CNTs and 
graphene sheets. The coupling method shows a clear advantage over direct QM 
calculations for its computational efficiency, while offering solutions with accuracy 
comparable to direct QM calculations. 
 
 



Interfacial Thermal Transport in Diamond: Insights from Simulation 
 

Taku Watanabe and Simon R. Phillpot  
Department of Materials Science and Engineering, University of Florida, Gainesville, FL 

32611 
 

Patrick K. Schelling 
Advanced Materials Processing and Analysis Center and Department of Physics 

University of Central Florida, Orlando, FL, 32816, USA 
 

Pawel Keblinski 
Department of Materials Science and Engineering 

Rensselaer Polytechnic Institute 
Troy, NY 12180-3590 

 
 

Diamond has the highest thermal conductivity of any known material. The effect of 
interfaces on the thermal conductivity is of considerable interest for applications in 
diamond nanostructures. We use large-scale molecular-dynamics simulations to 
determine the thermal conductances of a number of representative grain boundaries in 
diamond. We compare these with the thermal conductances in the corresponding grain 
boundaries in Si. We ascribe the differences between the results for diamond and silicon 
to the very different thermal conductivities in the bulk and to the differences in the 
structures of the interfaces. The implications of our results on the possibility of using 
nanocrystalline and ultra-nanocrystalline diamond for thermal transport applications are 
discussed. 



Surface and electronic structure of diamond nanoparticles 
 

T. van Buuren, T. Willey, C. Bostedt, R. Muelenburg, J.Y. Raty, G. Galli, L. Terminello
Chemistry and Material Science Department, Lawrence Livermore National Laboratory 
 
Nanometer sized diamond is a constituent of diverse systems ranging from interstellar dusts and 
meteorites to carbonaceous residues of detonations. We have conducted a number of experiments 
tightly coupled to theory that demonstrates the impact of surfaces on the electronic and atomic 
structure of diamond nanoparticles produced via a detonation synthesis method. The 
nanodiamond K-edge absorption and emission spectra for 3-4 nm clusters show the same 
features as the bulk material and no blue shift is observed, contrary to previous experiments on 
nanocrystalline diamond films.[1] Therefore the 3nm nano-sized diamonds do not display the 
characteristic property of other group IV nanoparticles: a strong widening of the energy gap 
between the conduction and valence bands owing to quantum-confinement effects. Standard 
density-functional calculations on clusters in which the diamond surface bonds are terminated 
with hydrogen atoms, show that the bandgap begins to increase above the bulk value only for 
clusters smaller than 1 nm. Ab-initio calculations were preformed to investigate the effect of 
surface relaxation on diamond nanoparticles as well. To represent a true surface, pairs of 
hydrogens were removed whose interatomic distances were within 5% of the H2 bond length and 
the surface atoms were allowed to relax. In this study, the surfaces spontaneously reconstructed 
into a fullerene-like surface but this reconstruction induced only small changes in the calculated 
gap values. [2] Clear signatures of these surface reconstructions were identified as pre-edge 
features in measured C 1s absorption spectra. The C1s core exciton feature clearly observed in 
the K-edge absorption edge of bulk diamond is shifted and broadening due to increased overlap 
of the excited electron with the core hole in the small particle. Also the depth of the second gap 
in the nanodiamond spectra is shallower than that of bulk diamond.   
 
One of the weaknesses of the x-ray absorption measurement is that many particles are probed to 
produce the measured spectra. This is not a problem if one has a distribution of identical 
particles.  However, with a finite size distribution or other inhomogeneity in the nanoparticle 
ensemble, the measured spectrum represents a combination of the spectra from all particles. To 
resolve and explore the electronic structure of individual quantum dots, we have employed the 
high spatial resolution possible from transmission electron microscopy and the electronic 
structure information possible with electron energy loss spectroscopy (TEM/EELS). The high 
spatial resolution of the TEM/EELS will allow us to; 1) make measurements of the electronic 
structure of the individual nanoparticles and 2) probe separately the surface and bulk structure of 
the nanoparticle. The TEM/EELS measurements on the diamond nanoparticles indicate that the 
core of the particle has similar electronic structure as bulk diamond, whereas the surface region 
looks much different. The EELS spectra of the surface region cannot be described by the EELS 
spectra from graphite or C-60 but seems to be a combination of both in agreement with our 
previous x-ray absorption and emission results.  
 
The work is supported by the US-DOE, BES Material Sciences under contract W-7405-ENG-48, 
LLNL. 
 
1 Y. K. Chang et al., Phys. Rev. Lett. 82, 5377 (1999). 
2  J.Y. Raty, G. Galli, C. Bostedt, T. Van Buuren, L.J. Terminello, Phys. Rev. Lett. Vol. 90, 
p401 (2003). 



2005 ADC meeting

Argonne, IL

A model for nanocrystalline diamond growth
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Growth mechanisms for ultrananocrystalline diamond grown in hydrogen-
poor argon plasmas are different from conventional CVD growth based on
methyl radials. We propose a model that can account for very high renucle-
ation rates necessary to produce diamond with grain sizes in the nanometer
scale. The model is based on the calculation of stable adsorbates and transition
states for reactions of C2 with diamond surfaces calculated using electronic
structure methods. The nonempirical model invokes transition state theory
to calculate reaction rates from the energies and barriers. Resulting renucle-
ation rates and grain sizes provide a mechanism for nanocrystalline diamond
growth in the absence of hydrogen. The temperature dependence of renucle-
ation rate as a function of the C2 density in the plasma was obtained from the
model. It shows that a grain size reaches its maximal value at the tempera-
tures of about 800 ◦C. A comparison of the computed results with available
experimental data is provided and further predictions are discussed.

∗ Work supported by the U.S. Department of Energy, BES-Materials Sci-
ences, under Contract W-31-109-ENG-38.
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The Resolution of the Diamond Problem After 200 Years 
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Abstract: 
The diamond problem spans more than 200 years.  Many technologies from electric arcs, to metal solvents 
to metal catalysts to electric ovens to electric resistive heating to anvil vices and presses to chemical vapor 
deposition (CVD) to plasma to microwaves to hot filaments to flames and now to magnets have been 
discovered, realized and used to resolve the diamond problem.  Here the origin, definition and cause of the 
diamond problem are presented.  The resolution of the diamond problem is then discussed.  Furthermore, 
the partial resolutions (of high pressures and high temperatures, catalysts and atomic H vapor) for this 
problem within the last 50 years are reviewed and the recent complete resolution is demonstrated by use of 
strong magnetic fields in conjunction with these partial solutions for faster, larger single crystal diamond 
synthesis. 
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Abstract 
This presentation examines the impact of law (statutes, regulations, court actions, and public policy) on 
nanotechnology research and development of commercial applications based on that research, and it offers 
suggestions to nanotechnology professionals as to how they can influence that legal impact in ways that will 
facilitate nanotechnology research and commercialization. The presentation concludes that a diverse range of laws 
significantly affect the rate and scope of nanotechnology research and commercialization of that research. 
Regulatory law, commercial law, and intellectual property law significantly affect nanotechnology research and the 
development of effective business models and commercial opportunities for the fruits of that research. Law asserts 
this important impact on nanotechnology research and development in both direct and indirect ways. It directly 
encourages or impedes nanotechnology research and it indirectly affects nanotechnology development by affecting 
the financial and business environment in which research and commercialization take place. As a result of the 
significant potential impact of law on nanotechnology research and commercialization, scientists, engineers, and 
other nanotechnology professionals should become familiar with the ways in which law affects nanotechnology 
development and use. They should also attempt to influence the legal system to promote expanded nanotechnology 
research and commercialization. 

LAW AND NANOTECHNOLOGY 
Several different forms of law have a significant impact on research involving nanotechnology and the development 
of commercial applications based on that research. The most significant of those legal categories affecting work 
involving nanotechnology are: regulatory (administrative) law, commercial law, and intellectual property law. 
Regulatory law affects the scope of nanotechnology research. It also affects the commercial use of nanotechnology. 
For example, environmental protection standards and workplace safety requirements affect the form and scope of 
certain nanotechnology applications involving materials and manufacturing. 

Commercial law includes the law of contracts, commercial transactions (sales), and financing (including equity 
investments). These legal requirements are essential to the creation and operation of enterprises to conduct 
nanotechnology research and to develop commercial nanotechnology applications. This category of law governs the 
business and financial transactions and structures that provide the funding and other resources necessary for 
nanotechnology research and commercial development. For example, law governing securities and financial 
investments has a significant impact on the availability of capital to support new ventures based on nanotechnology. 

Intellectual property law, particularly patent law and the law of trade secrets, plays a critical role in the conduct of 
nanotechnology research and the rights of access and use associated with the output of that research. Intellectual 
property rights provide an important incentive for financial investment in research and development. They can also 
provide a formidable potential barrier to innovation and refinement of prior research in nanotechnology. Those two 
sometimes conflicting forces associated with intellectual property must be effectively balanced. 

SCOPE OF LEGAL IMPACT ON NANOTECHNOLOGY DEVELOPMENT AND 
BUSINESS MODELS 
Law has both a direct impact on nanotechnology research and commercialization and an indirect impact. Law has a 
direct impact on nanotechnology research and commercialization to the extent that it encourages funding for 
research and commercialization efforts (e.g., the National Nanotechnology Initiative in the United States). By 
supporting, or potentially blocking, specific fields of nanotechnology research and commercialization, the law has a 
direct impact on the direction, scope, and rate of nanotechnology development. 



Law can also influence nanotechnology development in indirect ways. For example, broad enforcement of 
intellectual property rights can provide great incentive for investment and research, but can also impede subsequent 
commercial development and continuing innovation. Commercial law dramatically affects the business transactions 
and organizations essential to effective research and commercial development involving nanotechnology. 

LAW: A CRITICAL FACTOR IN NANOTECHNOLOGY RESEARCH AND 
COMMERCIALIZATION 
Law plays a critical role in the scope of nanotechnology research, the range of commercial applications for that 
research, and the pace at which commercial applications based on nanotechnology develop. Law exerts this 
significant influence on nanotechnology development both directly (e.g., through promotion or restriction of specific 
fields of research or specific applications) and indirectly (e.g., through enforcement of intellectual property rights 
associated with nanotechnology). Law substantially affects the scope of nanotechnology research, the range and 
form of applications for the fruits of that research, and the financial environment available to support both research 
and development of commercial applications. It is, accordingly, not an overstatement to assert that law is a critical 
factor in the expansion of nanotechnology research and the prompt development of commercial applications for that 
research. 

LAW AND NANOTECHNOLOGY PROFESSIONALS 
As law has a significant impact on nanotechnology research and commercialization, scientists, engineers, and other 
nanotechnology professionals should actively monitor and influence the development and application of law in the 
context of nanotechnology research and commercialization. They should focus attention on both the legal initiatives 
that address directly nanotechnology research and development and those that influence nanotechnology 
development indirectly by affecting the financial and operational environment in which that research and 
development takes place. Nanotechnology professionals should strive to understand the range of legal issues and 
doctrines that affect nanotechnology research and use. In addition, they should become involved in the policy debate 
associated with shaping and enforcing those legal requirements. Absent such active participation by nanotechnology 
professionals, decisions regarding development and enforcement of legal requirements that have a profound impact 
on nanotechnology development will be left to the legal and business communities. Those communities, acting 
alone, are not in a position to ensure that an effective balance is struck between encouraging nanotechnology 
advances and protecting the public interest. Thus continuing advances in nanotechnology research and expansion of 
commercial applications for that research require effective participation by nanotechnology professionals in the legal 
environment that surrounds nanotechnology. 
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Abstract 
Advanced Diamond Technologies, Inc. (ADT) was formed in December 2003 to commercialize the 
Ultrananocrystalline™ diamond (UNCD™) technology developed at Argonne National Laboratory. It took four 
months of a consultant’s time to recommend a startup as the commercialization vehicle for UNCD, and over two 
years from that point until the company was formed with a license and financing. Since Argonne had never 
organically formed a startup before there were the usual policies and procedures that had to be followed and many 
more had to be created because there were no precedents.  

In this talk, Neil Kane, former Co-Executive Director of the Illinois Technology Enterprise Center at Argonne, a 
partnership between the University of Chicago and the State of Illinois Dept. of Commerce and Economic 
Opportunity and co-founder of ADT, will illustrate the timelines and issues necessary to get a startup company 
formed from a federal laboratory or university setting. This will be a general purpose talk, using ADT as a case 
study, on the issues that need to be tackled to launch a startup out of an academic setting. Issues that will be 
addressed include: 

• Allocation of founder’s shares 
• License terms 
• Role of scientific/academic founders 
• Business plan 
• Conflicts of interest 
• Corporate Governance issues 
• Cultural issues 
• Financing strategies and the role of federal contracts (SBIRs and STTRs) 

Now that ADT is up and running, it hopes that it will contribute to the exciting endeavor of commercializing new 
technologies and enabling new products based on diamond films. It is hoped that by sharing the experience of what 
it took to get ADT off the ground, other efforts might be undertaken in other laboratory settings both in the U.S. and 
elsewhere in the world to commercialize emerging technologies.  

REFERENCES 
1. Kane, N.D.: “Rich of Famous: you choose,” Physics World, March 2004. 
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Abstract 
Running a high tech company successfully in the field of diamond technology does not only require highest 
technical performance. A carefully diversified company strategy is the best solution for a stable business 
development. 

iplas innovative plasma systems is a young company that took the opportunity to compete against several 
established and low cost competitors with a fully diversified strategy. It is not only the approach into several 
branches, also the product spectrum is adapted to a large range of customer ship. A modular system design enables a 
very fast tailoring of systems to customers requirements. 

Today the applications of iplas' systems are covering a range from high tech materials, optical industry, food and 
packages, semiconductor industry, medical implants, plastic industry, waste management, plasma chemistry, textile 
industry etc.. Only by looking more detailed into the field of diamond coatings the enormous range of the 
technology shows the specific problems in running a cross oriented company. The variety of products in different 
markets and applications are indicated in the chart. 
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Figure 1. markets and applications of CYRANNUS® systems 

The applications for diamond films are covering all high end applications as the production of various types of 
crystalline diamond (hydrogen- or also noble gas- based from single to nano crystalline diamond films). Heat sinks, 
SAW filter, high temperature semiconductor, corrosion protected implants, wear resistant MEM, stronger and 
sharper scalpels, are only few examples, the range of future products is going much further. 

Balancing the diversity of processes and economic organization of company resources (human resources, R&D 
investments etc.) is one of the major threats. If it is working successfully the diversity comprises the advantage of 
very high synergy effects in production and development as well. 



 

Figure 2. principle of CYRANNUS® plasma sources 
(free access to plasma from top and bottom flanges, radial view through quartz tube, TM012 resonator and multi-

antenna configuration for high pressure plasma operation) 

iplas' intellectual property – the CYRANNUS® plasma sources – has several features that enable an universal design. 
Figure 2 shows how easily the set-up can be modified and adapted to new processes. iplas has taken the opportunity 
and tailored all system development around the plasma sources in the same way. The only limitation iplas accepted, 
was related to a control technology based fully on PLC. This decision was made to ensure highest performance and 
reliability for production. The result is a system with unique modularity. 

Building a multi-purpose equipment on highest technical level has influence in various areas. Instead of cost 
optimization iplas has invested into a system architecture with perfect modularity. Higher system costs in equipment 
are compensated by larger advantages from production synergy effects. 

To serve various markets and optimize tailored developments, iplas was able to make technology driven approach. 
The special configuration and performance of the CYRANNUS® technology is the key to the business strategy. A 
simple and flexible design of equipment and systems makes it possible to use the technology for various applications 
with unique economic advantages and performance.  
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Abstract 

The development of novel and innovative solutions for water treatment is focus of various research initiatives. New 
systems have to prove efficiency and ecofriendliness as well as their applicability for daily use and series 
production. CSEM Inc., Swiss Centre for Electronics and Microtechnology, and its latest spin-off company, 
Adamant Technologies Inc., have developed products that fulfil these conditions and are introducing new 
technologies for water treatment which apply electrochemical processes instead of chemicals.  

In recent years, CSEM has established research activities in the field of environmental technology and developed 
new methods for water treatment without the use of chemicals. These new developments are based on highly 
efficient electrolysis technology. In December 2004, “DiaCell®” – a diamond electrode based system for water 
purification.  

The majority of currently applied methods for water treatment use considerable quantities of chemicals to produce 
clean drinking and process water or for treating wastewater. The new water treatment technique DiaCell®-System 
needs just electricity and uses diamond coating technologies. This material is used in the electrolysis process as a 
self-cleaning electrode which supports the treatment of industrial wastewater by reducing pollutants and by 
inactivating micro-organisms of fresh water. 

The new technique is based on the latest knowledge in electrochemistry, since the chemical reactions take place 
within the micrometric range of reactive interfaces. Thanks to the corresponding charge carrier interactions on 
special electrically charged surfaces, the water is split into hydroxyl radicals, with any impurities such as germs and 
dirt particles being destroyed. A further advantage of this technique is that the electrodes are implemented in a 
compact modular system, the DiaCell®, which demands little space and low energy.  

The DiaCell® concept was initially developed for water disinfection i.e. in swimming pools and has later been 
proven to be suitable for many other applications. Legionella inactivation is a further potential for the technology, 
also, the systems are able to destroy organic pollutants, even non-biodegradable or so called persistant organic 
pollutants (POP’s). This effect is mainly used in the treatment of industrial effluents. Furthermore, the DiaCell® 
systems allow the oxidation of inorganic pollutants such as cyanides and hypophosphites which are relevant for the 
regeneration or recycling of plating baths. 



sp3 Inc.: From Tools to Technology - Stories from a Diamond 
Survivor 
 
sp3 Inc. was founded in 1993 as a technology focused CVD Diamond company. It is still here by 
being in the tool business. This presentation will share lessons and insights about technology, 
markets and corporate survival. 
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Abstract 
The unique properties of diamond have identified it as one of the most attractive materials for application in a range 
of beam optical elements associated with modern very bright X-ray sources. This new role for diamond imposes 
rigorous standards of crystalline quality. The question presents itself as to whether diamond can be synthesized to 
adequate levels of perfection. This has motivated the present study of very high quality type IIa diamond crystals 
synthesised using the high pressure high temperature technique (HPHT) by Element Six in Johannesburg.  The X-
ray characterizations were carried out at various beam lines of the ESRF Synchrotron Facility. They included high 
resolution synchrotron x-ray rocking curve mapping and X-ray topography using both the white beam and plane 
wave methods in the Laue and Bragg geometries. These methods are sensitive to extended defects like dislocations, 
stacking faults, growth sector boundaries, strain fields and precipitates. The samples exhibit excellent bulk 
properties which improve with distance from the seed face. The rocking curve maps display essentially the Darwin 
line width in the central cubic growth sector, which appears essentially free of extended defects, and where the 
spatial variation of the lattice constant is in the Δd/d ~ 10-8 range. The impurity concentration is sufficiently low that 
growth sectors observed by UV phosphorescence show almost no phase contrast in the topographs. The partial 
coherence of the beam in the modern X-ray sources is a crucial property for several applications such as coherent 
imaging, extreme focusing and photon correlation spectroscopy. A robust way to characterise the coherence 
properties of the wave front at the exit of an optical element is the Talbot effect (self-imaging of a periodic object in 
propagation). Coherence preservation measurements of this type using synchrotron radiation have also been made. 
Taken together, these results are very promising for a new role of diamond as a synchrotron beam optic element in 
even the most demanding of applications. 



Treatment of Natural Gem Diamond and Its Identification 
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Diamond is the most important gem stone in the jewelry industry. Next to the carat 

weight, a diamond’s color may be the most important valuation characteristic.  Both 
colorless/near-colorless as well as highly saturated (fancy colored) diamonds are in high demand, 
and are of great value in the diamond market. However, only a few percent of natural diamonds 
are gem quality and much less show an attractive color. In fact, many gem-quality diamonds may 
display undesirable brown coloration with varying saturations or a diamond’s inherent color may 
not be intense enough to qualify for the “fancy” category.  Therefore, treatment techniques such 
as irradiation and HPHT are currently being employed to decolorize and/or enhance a diamond’s 
color to potentially increase its value. 
 

Artificial radiation with or without annealing has been applied to improve diamond color 
appearance for nearly a century, and continues to be an effective technique. The side band of the 
GR1 defect, which may be introduced by all types of radiation, extends into red light region and 
imposes additional blue coloration. For example, a light yellow diamond will show a clear green 
coloration after a simple irradiation. Depending upon properties of the starting material, 
annealing of irradiated diamonds could generate H3, H4, and N-V defects, consequently 
producing intense yellow, green, or pink-purple coloration. Commercial annealing of diamond 
under high pressure and high temperature (HPHT) started in late 90s in order to improve color 
appearance. This technique, for example, could turn type IIa brown diamonds into 
colorless/near-colorless or turn gray type IIb diamonds into intense blue. Varieties of other 
attractive colors (e.g., yellow, greenish yellow, orange, etc) could also be produced when type Ia 
diamonds are annealed under HPHT. Intense red color, which is very rare in nature, could be 
produced with a combination of HPHT and radiation/annealing techniques. 
 

Currently, many attractive diamond colors are being produced in treatment laboratories 
and are being introduced into the gem market. Proper identification of these treated diamonds is 
crucial to protecting the diamond industry. In addition to many gemological properties, defects in 
the diamond (extended and point defects) supply essential identification criteria. Since conditions 
(radiation energy and intensity, pressure, temperature) applied to a diamond during laboratory 
treatment (radiation/annealing or HPHT annealing) are very different from those that occur in 
nature, it is expected that the varieties and concentrations of defects in a treated diamond differ 
from defects that occur in a natural diamond. Finding this difference is the basis for proper 
identification. Spectroscopic features of various types of natural and treated diamonds will be 
reviewed and some details about identification of diamond treatment will be discussed. 
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Abstract 
This investigation is focussed on the color changes, which can be obtained by HPHT annealing of type Ia diamonds. 
The color after treatment depends strongly on the presence of nitrogen and it’s aggregation state and other defects 
like dislocations, … Specific attention is paid to nitrogen aggregation and dissociation kinetics, which play a major 
role in the resulting color after HPHT annealing. 

Nitrogen as single substitutional atom and as aggregates plays a crucial role in the color of a diamond. These types 
of diamonds are called type I diamond. A further subdivision is made depending on the aggregation state of 
diamond: single substitutional nitrogen gives diamonds a yellow to orangy-yellow color and these diamonds belong 
to the subgroup Ib. If nitrogen is aggregated, then it is called a type Ia diamond. If the nitrogen is paired up (A 
defect), then the diamond will be colorless. Also, groups of 4 nitrogen atoms around a vacancy (B defect) do not 
absorb light in visible region of the electromagnetic spectrum and thus do not color the diamond. Groups of three 
nitrogen atoms around a vacancy (N3 defects) give the diamond a typical yellow color, a so-called Cape Yellow 
color. 

A systematic study of diamonds containing various types of nitrogen aggregates (type IaA, type IaB), and also 
diamonds containing platelets, indicate that the most stable defect is the B defect. Other defects can dissociate in its 
components: the A defect can dissociate in two single substitutional nitrogen atoms and the activation energy is ~ 7 
eV [1]. 

In brown diamonds, there are other types of defects present, which can dissociate. The brown color of these 
diamonds is thought to originate from dislocations and these dislocations generate vacancies during HPHT 
annealing. It is found that the activation energy for vacancy generation in brown type Ia diamond is also equal to ~ 7 
eV [2].  

CL imaging, using a scanning electron microscope, can detect regions with high density of dislocations in plastically 
deformed diamond. A suitable region for a line scan is selected on a polished (100) surface of a natural and HPHT 
annealed brown type Ia diamond. A spectral region between 365 and 630 nm was selected which allows clear 
identification of the presence of N3 with a zero phonon line at 415 nm and H3 with a ZPL at 503 nm. In untreated 
brown type Ia diamond, a number of other defect can also be detected at 490.7 nm, which is thought to be related to 
the plastic deformation [3]. The line scans clearly indicate that the H3 and H4 and 490.7 nm defects are located 
close to regions with plastic deformation in the diamond. CL line scans in the HPHT treated diamond clearly 
indicate that the vacancies are generated close to the dislocations, which gives a larger concentration of H3 defects 
close to the plastically deformed diamond.  

The measurements on samples, which have been subjected to multiple HPHT annealing runs, suggest that vacancy 
clusters decorate dislocations and act as source of vacancies during HPHT annealing. These vacancies can be 
trapped at various nitrogen aggregates, giving rise to a large concentration of H3 defects. This large concentration of 
H3 defects is typical for HPHT annealed brown diamonds. 
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Abstract 
The deposition conditions and the detection properties of a homoepitaxial diamond film, grown by microwave 
Chemical Vapor Deposition (CVD) on a HPHT single crystal substrate are reported. The charge collection spectrum 
measured under irradiation with a triple 239Pu 241Am 244Cm source, emitting 5.16 MeV, 5.48 MeV and 5.80 MeV 
α-particles respectively shows three clearly resolved peaks, with an energy resolution of about 1.1%. Both the 
charge collection efficiency and the energy resolution reach saturation values when the applied voltage exceeds 
60 V, suggesting 100% collection efficiency. The detector was also tested with 14.8 MeV neutrons. The obtained 
collection spectrum shows a well separated 12C(n,α0)9Be reaction peak. 

 

RESULTS 
Diamond is known to be a suitable material for radiation detectors to be used in harsh environments. Since 

detector grade natural diamonds are extremely rare and expensive, and HPHT crystals contain too many defects to 
be used as radiation detectors, the most widely used technique to produce such devices is Chemical Vapor 
Deposition (CVD). However the polycrystalline nature of heteroepitaxial CVD samples severely limits the device 
performance, in particular energy resolution. A great effort is therefore now being devoted to the realization of 
homoepitaxial CVD diamond detectors. A resolution as low as 0.4% and 2.9% was reported as the best results 
obtained for α-particle and for neutron detection respectively1,2, but a degradation of the device performance was 
observed during long time particle irradiation, due to polarization effects2. Moreover, the samples used are of 
industrial origin, so that the growth conditions are not known.  
 We report on the growth conditions and the α-particle and neutron detection properties of a homoepitaxial 
diamond film deposited by CVD in Roma “Tor Vergata” University laboratories. The film was deposited in a 
microwave plasma CVD tubular reactor on a low cost (100) HPHT single crystal substrate 4.0x4.0x0.3 mm3 in size. 
The CVD diamond layer was deposited for 92 h, at 700 °C, in a 1% CH4/H2 mixture and is 110 µm thick (1.2 µm/h 
growth rate). Metallic contacts 2 mm in diameter and 100 nm thick were evaporated on the film in a sandwich 
geometry, without removing the HPHT 315 µm thick substrate. The device was connected through an Ortec 142 A 
charge preamplifier to a 6 µs shaping amplifier and a multichannel analyzer.  
 In Fig. 1 the response of the detector to irradiation from a triple 239Pu 241Am 244Cm source, emitting 
5.16 MeV, 5.48 MeV and 5.80 MeV α-particles is reported at 80 V bias voltage. A high signal to noise ratio and a 
very good energy resolution is observed, as shown by the clear separation of the peaks of the triple α source. The 
1.1% resolution  of the diamond detector is to be compared with the 0.4% value of a calibrated Si detector. Very 
poor detection efficiency is observed when irradiating from the substrate side, ruling out the substrate as the source 
of the signal. The energy resolution and the normalized charge collection efficiency were measured as a function of 
the applied voltage. A saturation value is reached in both cases for bias voltages exceeding +60 V. This suggests that 
approximately a 100% collection efficiency is achieved from the CVD diamond film, i.e. all the charges generated 
in the deposited layer can reach the substrate. Good stability was observed under a 4 particles/s⋅mm2 α-particle flux, 
without any detectable polarization effect for irradiation time of the order of 1 hour. 



 Irradiation with 14.8 MeV neutrons was also performed using a T(d,n)4He source. The diamond detector 
was simultaneously irradiating by an 241Am α source positioned in air 4.2 mm away from the sample surface. In 
such a way, see Fig. 2, the α particle peak is superimposed to the neutron spectrum, allowing its energy calibration. 
Due to the 4.2 mm air absorbing layer, the energy of the α particles impinging on thje detector is 5.1 MeV as 
calculated by SRIM simulation. The measured spectrum (Fig. 2) is consistent with those reported in literature, with 
the 12C(n,α0)9Be reaction peak well separated from the 12C(n,n’)3α shoulder. The FWHM of the 9.1 MeV 
12C(n,α0)9Be peak is about 0.5 MeV, which is thought to be compatible with the energy spread of the incident 
neutron. Such a value favorably compares with the values reported in literature2, especially if the much broader 
neutron energy spread of the 0° detector angular position with respect to the deuteron beam is taken into account. 
 

Figure 1: Detector response obtained from the triple 239Pu 241Am 244Cm α source 
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Figure 2: Neutron spectrum obtained with 14.8 MeV neutrons and  241Am  α-particles. 
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Abstract 

Diamond is composed of tetrahedrally-bonded carbon atoms, and the simplest molecule with the 
diamond structure is adamantane (C10H16).  Diamondoids of the adamantane series are 
hydrocarbons composed of fused cyclohexane rings, all in stable chair conformations, which 
form interlocking cage structures that can be superimposed on the diamond crystal lattice.  The 
lower diamondoids have chemical formulas of C4n+6H4n+12, where n equals the number of 
diamond-cage subunits. 

                
Diamondoids occur naturally in virtually all petroleum, and have been extracted by reverse phase 
high performance liquid chromatography (HPLC), and then isolated and recrystallised by 
standard organic chemistry techniques.  A whole series of these diamondoid crystals from n = 1 
(adamantane) to 10 (decamantane) have been studied by laser Raman spectroscopy using 3 laser 
wavelengths (325, 514 and 735 nm).  The spectra have also been simulated using theoretical 
predictions using the Gaussian program, and this has allowed the experimental peaks to be 
assigned to individual vibrational motions.  The larger diamondoids are similar in size to the 
nanodiamond grains grown during CVD of ultra-nanocrystalline diamond (UNCD) films, and so 
the Raman spectra of these diamondoids provides insights into the interpretation of spectra from 
UNCD films. 
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Abstract 
Introduction. Diamond with its excellent mechanical, physical and chemical 

characteristics is now available from natural deposits or it can be produced both at 
thermodynamically stable and metastable synthesis conditions. Now widely developed 
detonation synthesis of nanodiamond(ND) [1-3] attracts still extended attention due to several 
remarkable reasons. First of all ND is one of modern nanomaterials, available from several 
suppliers in NIS, China, Japan and S.Korea, etc. in commercial scale achieving ton per year. 
Other privilege is that ND is genuine diamond, not converted to graphite phase at 1 atm and in 
vacuum and inert environment until 1000 0C and more. Thirdly ND have nearly spherical shape 
of individual particles not in wide range of dimensions 2 to 10 nm with average size close to 4.2 
nm. 

From the another side it reasonable to point out that actually ND is industrial semi-
product due to: (1) non-diamond carbon impurities or non-carbon impurities (Fe, Cr, Ni, Al, Si, 
Ca, etc.) giving an ND sample a grey or dark grey appearance; (2) light  elements mostly at the 
chemically bonded ND termination (oxygen ~ 10 wt. %, hydrogen ~1 wt. %) and nitrogen (~2 to 
3 wt. %), mostly in the bulk; (3) the presence at ND surface chemical groups of С-H, C-OH, C-
O-C, C=O, C=(O)H (aldehide), C=O (OH) (acid), C-NH2, lactonic and other groups making the 
ND surface chemically multifunctional; (4) “ash-related” impurities (Fe, Cr, Al, Ca, Si etc.) with 
the total up to several wt. % occurring as free elements,  oxides or carbides, both on the ND 
particle surface and in the bulk; (5) intrinsic impurities and those with zero- and higher 
dimensionality defects in the particle’s bulk, producing an appreciable excess of enthalpy (up to 
25 kcal/kg); (6) one or more twin boundaries in the fractions of ND particles [6]; (7) a fairly 
strong agglomeration (agglutination) of individual particles which form tightly packed structures 
of tens, hundred or thousands of nanometers in size. Some of these characteristics do not permit 
considering ND as an individual nano-substance according to V.B.Aleskovsky’s definition. 

Above listed reasons challenged us to efforts towards to modification and mono-
functionalization of the ND.  

 Experimental. We have used ND sample supplied by New Technology Co. 
(Chelyabinsk, Russia). Before supplying the samples was finally cleaned by ozone. 

Our approach include chemical interaction of the ND with hydrogen- (molecular 
hydrogen and ammonia) and chlorine-contained environment (carbon tetrachloride) at 1 atm and 
temperature in range 450 to 1100 0C. 



It was established by Raman- and FTIR-spectroscopy some improvement of crystalline 
structure of the ND. 

After 5 h interaction with hydrogen at 850 0C the heat of combustion of the ND is 1000 
cal/g less relative initial ND. It suggest us about some annealing of defects after 

Elaboration of the nanopowder at above condition. 

FTIR-spectroscopy indicate appearance C-H, N-H and C-N groups after interaction with 
ammonia at 8000C. Chemical analysis reveal up to 7 mass. % content of bonded chlorine after 
heating 1 h in CCl4/Ar mixture at 4500C. In the same time water absorbance became 10 times 
less in comparison wit initial powder. 

Intensity of C-Cl band at 709 cm-1 in reflectance FTIR-spectra progressively rose with the 
interaction time. 

Remarkable is rather modest diminishing – no more that 50 % of dangling bond content 
measured by ESR-spectroscopy after any of above treatment.  

Finely it seems for us that there were find approach to control th behavior of community 
of the ND particles and systems like ND – solid substrate through intentional changing of the ND 
functionalization, e.g. hydrophilic/hydrophobic and/or acidic/basic.  It might open more room for 
ND application in academic research and industrial practice.  

We have suggested a simple and effective technique for vapor ND cleaning and 
functionalization. High temperature ND treatment allows the chemical agents to penetrate in 
nanoporous materials and functionalize the ND surface in a desired way. Hydrophilic/ 
hydrophobic or acid/base ND termination becomes feasible. We believe that this technique has a 
large potential in research and development projects[4]..  
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Scanning electron microscopy (SEM) is used for imaging of nanostructures, including carbon nanotubes (CNT).  
Recent developments of the SEM technique1,2 mean new capabilities for nanoscale sample analysis with potential 
industrial and metrological applications.  This is further discussed in recent publications,3,4  however the physics of 
CNT imaging is not fully understood.  We have found interesting physical and chemical phenomena in our “SEM 
experiments”, which can be used for analysis of the interaction between CNTs and neighboring material (such as a 
substrate).  We have analysed the role of the electron beam parameters, the effect of surrounding materials and the 
substrate, and the influence of the properties of the CNTs on their appearance in SEM micrographs.  

We use a LEO 1525 Schottky field emission SEM, which has two secondary-electron detectors. One is a phosphor 
scintillator detector sitting in the chamber (“side-view”) and the second is in the column primary-electron beam (“in-
column”).  The in-column detector collects low-energy secondary electrons much more efficiently then the side-
view detector, which we find at times to be a key advantage of this instrument.  

We have studied CNTs grown by a variety of methods in different laboratories: chemical vapour-deposited (CVD) 
in the Ruoff Lab (Northwestern University), the Liu Lab (Duke University), and the Ren Lab (Boston College), and 
arc-discharge grown in the Chang Lab (Northwestern University). 

In serious of SEM experiments, a variety of sample types have been studied: (i) CNTs in a liquid suspension were 
spun onto Si substrates with a range of thicknesses of the top oxide layer (2 nm – 1 µm); (ii) as grown CNTs on 
different substrates—that is, they are attached to the substrate at the synthesis step, and we have studied them as 
such; (iii) CNTs in contact with metal films.  As grown, and also chemically treated, CNTs dispersed in 
nonconductive polymers were also imaged and their interaction with the surrounding polymer matrix was analysed.  

From these imaging studies, some conclusions have been reached: (a) The chemical and physical interaction with 
the surrounding material and its electrical properties determine the “appearance” of the CNT (Figure 1).    (b) By 
tuning both the primary electron energy and flux it is possible tune the “brightness” of the CNTs (Figure 2).  Studies 
varying such parameters as in (a) and (b) can be used to understand the physics and chemistry of the CNT-
surrounding interaction, and interface properties. 

SEM was done at the Electron Probe Instrumentation Centre at Northwestern University. Electron beam 
lithography was done in the Chandrasekhar lab by Zhengfan Zhang (Dept of Physics, Northwestern University). 
Funding for this work has been provided by a NASA/MSFC Phase II SBIR, Contract No. NAS8-02102, through a 
subcontract from Lytec, LLC., and by the NSF NIRT Program, Grant No. 0304506. 

 

 

Figure 1. Secondary electron images of CNTs: (a) spun on Si substrate and obtained with the in-column detector (3 
keV incident electron energy; scale bar is 1 µm);  (b) as-grown (CVD) on a Si substrate and obtained by “mixing” 
the in-column and side-view detectors in a 0.65:0.35 ratio (1 keV incident electron energy, scale bar is 25 µm). 

(a) (b)
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Abstract  
 
Carbon nanotubes of multiwalled and single walled variety have caught the imagination of 
the scientists and technologists the world over. These interesting new materials are formed 
with the rolled graphite planes as the building blocks [1]. The nanotubes show a variety of 
interesting mechanical and electrical properties [2,3]. One interesting aspect of the nanotube 
growth is the roll of the catalyst. Nickel, cobalt, iron and several other metallic systems have 
been used as catalyst. In many cases, the catalyst gets filled inside the tubes enabling one to 
get the interesting phases of the encapsulated particles. In our case we have intentionally 
used a thick layer of nickel as catalyst to fabricate the nickel nanorods. In the present abstract 
we report the results of the irradiation of the multiwalled carbon nanotubes samples with gold 
ions of 100 MeV and studied the damage on the tube walls and the encapsulated Ni fillings 
inside using high-resolution transmission electron microscopy (HRTEM). As the nanotubes 
in our case are of 10-20 nm diameter, it is expected that the interaction with the tubes will be 
via electronic energy loss (dE/dx)e of the ion beam. The results on the damage of the tube 
walls, nature of the generated defects and the nickel nanorods inside the tubes will be 
reported. Figure 1 shows the HRTEM images of the Unirradiated and irradiated Ni filled 
carbon nanotubes.  
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Figure 2. Secondary electron images of CVD-grown CNTs on Si obtained with the in-column detector at 
these incident beam electron energies: (a) 0.3 keV, (b) 0.6 keV, (c) 1.25 keV, (d) 2.5 keV, (e) 5.0 keV, and (f) 
10 keV.  Scale bar for all images 1 µm. 
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Abstract 
 

Diamond thin films deposited on natural single crystal diamond substrates have attracted great 
deal of attention recently1. The growth rates of single crystal diamond films are substantially 
high in a narrow parameter window. Diamond crystals of varying quality are deposited using 
microwave plasma chemical vapor deposition (MPCVD) system in our laboratory. We use a 2 
kW microwave power source coupled into an optimally designed plasma chamber. Unpolished 
natural diamond seeds are used as substrates in the temperature (Ts) range 950-1200 oC. A gas 
mixture of methane (CH4), hydrogen (H2) and nitrogen (N2) is used for the deposition of 
diamond. The deposition pressure varied in the range 90 to 150 torr. The films are characterized 
with scanning electron microscopy (SEM), X-ray diffraction (XRD) and Raman spectroscopy. 
The growth morphology of the films is a sensitive function of the deposition parameters. The 
crystalline nature of the films change from polycrystalline to single crystal as we increase Ts and 
for some parameters the filamentary nature of the diamond crystals can be seen. The films are 
polycrystalline at Ts in the range of 850 – 900 oC and oriented grains of diamond crystals are 
evident as the Ts increase. The single crystal diamond growth is observed to proceed via the step 
growth methods with the evidence of bunching of the steps. The study shows that the growth of 
single crystal diamond proceeds via the step growth process.     
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Figure 1:(a) the SEM image of the carbon filament on the surface, Fig (b) shows the step growth  
in single crystal diamond. 
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Abstract 
In the given work samples of faceted diamonds, diamond crystals and plates which were treated to change their 
color to black were investigated. The technique of diamond blackening is patented in Russia however detailed 
research of samples that were treated in such a way was not carried out till last time. Features of this technique are 
not disclosed, it is only known that samples are treated at low P-T-parameters. Using of non gem (boart quality) or 
near gem (with numerous inclusions and cracks) diamonds for this kind of treatment gives the best result. According 
to the manufacturer, gem diamonds of high quality (free of inclusions) are not suitable for this blackening 
technology. Black color in diamonds may be produced by irradiation [1] or by heating to produce internal 
graphitization and by some other methods [2]. 

The study of the blackened diamond samples was carried out by the means of standard gemological equipment 
(optical microscopy, diamond&moissanite tester, UV-luminescence lamp, magnet) and laboratory research methods: 
absorption and reflectance spectroscopy in UV-VIS-IR-range (at room temperature), spectral cathodoluminescence 
(77K), color cathodoluminescence and electron microscopy. 
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Electrical conductivity of undoped and nitrogen doped nanodiamonds has been characterized.  Nanodiamond films 
were deposited on molybdenum, silicon dioxide, and silicon by means of microwave plasma assisted chemical vapor 
deposition in gas mixtures of methane and argon with or without hydrogen and/or nitrogen additives.   Electrical 
conductivity of nanodiamond films was measured by either (i) directly measuring the conductivity of a 
metal/nanodiamond/metal sandwich test structure or (ii) applying a electrical current through two terminals of a van 
der Pauw test structure while measuring the voltage across the other two terminals on corners of a nanodiamond film 
that was deposited on the electrically insulating surface of a substrate. 
 
Nanodiamond films with thickness of about one micrometer were deposited in gas mixtures of  (2% H2, 1% CH4, 
97% Ar) or (1% CH4, 99% Ar) by means of microwave plasma CVD.   Effects of post deposition heat treatment in 
air at 350°C for 30 min on electrical conductivity of these undoped nanodiamond films were analyzed by measuring 
the electrical conductivity of as-deposited nanodiamond films and that of the same nanodiamond films after being 
heat treated in air.   The heat treated nanodiamond films were later exposed to a hydrogen plasma and subsequently 
measured for their electrical conductivities in comparison with that for the as-deposited nanodiamond films and the 
heat treated nanodiamond films.  The as-deposited nanodiamond films with 2% hydrogen additives in the gas 
mixture was found to have much higher conductivities than the films without hydrogen additive by more than one 
order of magnitude.   
 
After both films were heat treated in air, electrical conductivities were found to be similar in values.  It is believed 
that the heat treatment removed hydrogen in both nanodiamond films deposited in the gas mixture with 2% 
hydrogen additive and the nanodiamond films deposited without hydrogen additive in the gas mixture during the 
growth.  Nanodiamond deposited with or without 2% hydrogen additive both showed the same effects of post-heat 
treatment hydrogenation on increasing electrical conductivity.  The electrical conductivity did not increase to the 
same level after the nanodiamond films were exposed to a hydrogen plasma as that for the as-deposited 
nanodiamond films.   The increase in conductivity for heated nanodiamond after being exposed to a hydrogen 
plasma was much less than that for a large-grained polycrystalline diamond film because of the much smaller grain 
sizes and much higher density of grain boundaries for nanodiamond films (ref. 1 and ref. 2).    
 
Examples of  I-V curves measured for an as-deposited nanodiamond film deposited in a gas mixture with 2% 
hydrogen additive are shown in Figure 1.  Conductivity of the as-deposited nanodiamond film was found to be 1.11 
× 10-6 Ω-1cm-1 (Fig. 1, curve (a)).  It decreased by more than two orders of magnitude to 6.67 × 10-9 Ω-1cm-1 after 
being heated in air (Fig. 1, curve (b)) and  then increased to 1.33 × 10-8 Ω-1cm-1 after being exposed to a hydrogen 
plasma (Fig. 1, curve (c)).   
 
I-V curves for a nanodiamond film deposited in a gas mixture without hydrogen additive are shown in Figure 2.  
Conductivity for the as-deposited nanodiamond film was found to be 2.49 × 10-8 Ω-1cm-1 (Fig. 2, curve (a)).  It 
decreased to 6.02 × 10-9 Ω-1cm-1 after being heated in air (Fig. 2, curve (b)) and then increased again to 1.75 × 10-8 
Ω-1cm-1 after being exposed to a hydrogen plasma (Fig. 2, curve (c)).   
 
Nitrogen doped nanodiamond films were produced by microwave plasma CVD with up to 40% of nitrogen additive 
in the 1% methane-argon gas mixture.   Nitrogen doping was found to increase the electrical conductivity of the 
nanodiamond in a way similar to what was previously reported by the research group of Argonne National 
Laboratory (ref. 3).  However, the conductivity of 20% nitrogen doped nanodiamond deposited by our group was 
found to be much lower than the value reported in reference 3.  
 
The nitrogen doped nanodiamond film, that was deposited at a gas pressure of 100 Torr and at the substrate 
temperature of 700°C using 800W microwave power, was measured to have a conductivity of  only 2.76 × 10-1 Ω-



1cm-1. Nanodiamond deposited at a lower microwave power of  600W resulted in a higher conductivity of 7.76 × 10-

1 Ω-1cm-1, which was still much lower than the value reported in reference 3.  Further optimization of our deposition 
process in an attempt to achieve the previously reported much higher electrical conductivity and the re-confirmation 
of the much higher conductivity reported in reference 3 are being conducted. 
Details of specimen preparation processes, experimental measurement procedure, and the analysis of the effects of 
post-deposition heat treatment in air, hydrogenation and nitrogen doping on electrical conductivity of nanodiamond 
films will be reported and discussed in this presentation.   High conductivity nanodiamond films are desirable for 
electrochemical applications. 
 

 
Figure 1. I-V curves for a nanodiamond film deposited in a gas mixture of 1% methane, 2% hydrogen, and 97% 

argon. (a) as-deposited with resistivity = 9.0 x 105 ohm-cm; (b) after heat treatment in air with resistivity = 1.5 x 108 
ohm-cm; (c) after being exposed to a hydrogen plasma with resistivity = 7.5 x 107 ohm-cm. 

 

 
Figure 2. I-V curves for a nanodiamond film deposited in a gas mixture of 1% methane and 99% argon. (a) as-

deposited with resistivity = 4.0 x 107 ohm-cm; (b) after heat treatment in air with resistivity = 1.7 x108 ohm-cm; (c) 
after being exposed to a hydrogen plasma with resistivity = 5.7 x 107 ohm-cm. 
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Abstract 
Nano-structured carbon films are very interesting electronic material, since many electronic properties, like charge 
transport and low threshold field emission [1], are highly anisotropic and generally correlated to the basal plane 
orientation of graphene layers and to the peculiar electron energy density of states of the aromatic emission sites, 
associated with the π  band [2]. These properties are expected to open new perspectives of technological 
applications. 

In our work, we tried to study and model how deposition temperature can affect the aromatic particle formation and 
control a definite texture and growth orientation. We exploited the capability of Pulsed Laser Deposition (PLD) to 
deposit nano-structured carbon films, with different level of sp2 coordination and examined the peculiar role of 
substrate temperature driving a preferential orientation of graphitic nano-particles with respect to Si <100> 
substrate. 

Pulsed laser ablation of a rotating pyrolytic graphite target (Nd:YAG laser, 2nd harmonic: λ=532 nm, hν=2.33 eV, 
τ=7 ns, ν=10 Hz, Φ ≈ 7 J/cm2), operating in vacuum ( ~ 10-7 mbar) at temperature ranging from RT to 900 °C has 
been used to prepare thin films of carbon [3]. Synchrotron X-ray diffraction, performed at grazing incidence and 
high resolution, established the formation of nano-sized (~7 nm) graphene structures at higher deposition 
temperatures (~ 900°C). These structures resulted to be formed by some parallel graphene layers (4-5), characterised 
by a well defined longitudinal growth (along the graphene sheets), with č axis parallel to the substrate. High 
resolution TEM images and selected area electron diffraction (SAED) patterns confirmed both size and orientation 
of these graphene nano-particles determined by X-rays. 

 
fig. 1.   GRID-TEM picture of high temperature carbon nano-graphene layers taken at different 
magnifications 

In the samples deposited at RT, taking constant the other conditions, the typical structure of  random amorphous 
carbon material has been obtained. 

                                                           
1Corresponding author: emilia.cappelli@imip.cnr.it, tel. +390690671230,fax: +390690672238 



The mass density of the deposited films, as measured by laboratory X-ray reflectivity, is also strongly dependent on 
the substrate temperature: films grown at room temperature show higher density than the samples deposited at high 
temperature.  

We consider that the preferred growth direction of nano-graphene layers results from cooperating effects of thermal 
surface diffusion, preferential in-plane growth of graphene sheets and line source direction of the feeding activated 
species of the laser carbon plume.  
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E. Petrov et al. (Lietuvos Fizikos Rinkinys, 1988, 28, N4, p.519-521, in Russian) had observed so-
called “X-ray amorphous phase” of the detonation synthesis ultradispersed diamond (UDD) (right side 
of the fig. 1). The authors of this work connect formation of the phase with some absorption bands of 
1105 and 625cm-1 in the infrared (IR) spectra of old UDD samples and interpret the phase from the 
molecular standpoint as gradual destruction of some types of UDD. 
 

 
Fig.1 X-Ray amorphous phase (right), and some absorption bands (1105 and 625 cm-1) of old UDD. 
These samples were obtained before 1984. 
 
The discussion of the results allow to state that the important parameter characterizing the UDD 
structure is the nitrogen inclusions which with high probability have the high temperature origin. From 
the standpoint of the technological certification the authors make a conclusion that the informative 
parameter separating the fields of the UDD application is the nitrogen mass share in the UDD element 
composition (the level of 2.30 ± 0.15 mass. %). The UDD with the nitrogen content of less than 2.2% 
(class 1) can be applied in the fields where the principal parameter is the properties of the diamond 
nanograin. Class 2: the nitrogen portion is higher than 2.4%. The role of the functional groups becomes 
principal one and probability of the X-ray amorphous phase formation is high. 
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DISSIPATION IN TETRAHEDRAL AMORPHOUS CARBON OSCILLATORS 
David A. Czaplewski, J. P. Sullivan, T. A. Friedmann, D. W. Carr, B. E. N. Keeler, J. R. Wendt 

 Sandia National Laboratories 

Abstract 
Tetrahedral amorphous carbon (ta-C) films have been used to fabricate micro-electromechanical 
systems (MEMS) with broad applications such as electronics (as clocks, filters, switches, etc.), 
sensors (for chemicals, biological agents, pressure, acceleration, etc.), and metrology (scanning 
probe microscopy). These films have superior properties to other common MEMS films such as 
silicon, polysilicon, silicon nitride and silicon dioxide. The Youngs’ Modulus of ta-C 
(approximately 80% sp3 bonding) is roughly 4 times that of the other common films, which can 
aide in the realization of high frequency oscillators for filter and other applications. Additionally, 
the ta-C films are resistant to stiction and auto-adhesion and have an abrupt surface termination, 
which helps prevent surface losses. Understanding surface losses and other dissipation 
mechanisms that limit quality factor, Q, in ta-C is essential for realization of components for 
electronic or sensor applications since the bandwidth for electronic components scales as Q-1 and 
the sensitivity of sensors scales as Q-½.  

We have fabricated three different oscillator structures out of ta-C: out-of-plane cantilevers, in-
plane cantilevers, and free-free beam oscillators with frequencies ranging from about 1 kHz to 5 
MHz. At room temperature, these structures show a consistent quality factor of approximately 3 
x 103 over the entire frequency range, similar to that observed for other amorphous materials 
such as silicon dioxide. We have compared the dissipation in these oscillators with the calculated 
dissipation due to thermoelastic dissipation, dissipation due to phonon-mechanical vibration 
interaction, mechanical clamping losses, and dissipation due to defects in the material. The 
observed constant quality factor is only consistent with a spectrum of defects with roughly the 
same concentration (Fig. 1). At room temperature, the activation energies for this spectrum of 
defects range from 0.35 to 0.55 eV, but the atomic nature of the defect relaxation processes is not 
understood. In order to study a broader range of activation energies and gain insight on defect 
relaxation mechanisms, we performed temperature-dependent measurements on out-of-plane 
cantilevers having different resonant frequencies over the temperature range from 30ºC to 500ºC. 
From Fig 2, it can be seen that at approximately 0.8 eV the relative concentration of defects 
increases. These energies are approaching the activation energies for diffusional defect relaxation 
processes in crystalline diamond films, such as self-interstitial diffusion (1.3 eV) and vacancy 
self-diffusion (2.3 eV). Understanding the temperature dependence of the internal dissipation in 
this material is important to ensure functionality of ta-C resonators at elevated temperatures 
when used in filter or sensor applications. 

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin 
Company, for the United States Department of Energy's National Nuclear Security 
Administration under contract DE-AC04-94AL85000. 



 
Figure2. SEM image of the UNCD tip fabricated using Si mold technique 
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Abstract 
Carbon nanotube is one of the best candidates for an essential component in nanoscale electromechanical systems. 
Tunable nanoscale resistors, capacitors, inductors, and mechanical resonators can be implemented with carbon 
nanotubes. It is originated from the excellent properties of carbon nanotube such as structure dependent metallic 
properties, pseudo-one-dimensional transport characteristics and electronic structure, hollow structure, extremely 
high mechanical strength with high aspect ratio, good thermal conductivity, chemical inertness, etc. In this study, we 
studied carbon nanotubes as an electromechanical oscillator from suspended carbon nanotube arrays. The suspended 
carbon nanotube arrays are fabricated by direct lateral growth of carbon nanotubes on the multilayer electrode arrays 
with a field effect transistor structure by thermal chemical vapor deposition method using C2H2 and Ar. The 
characteristics of carbon nanotube electromechanical oscillator are studied using an impedance analyzer as a 
function of frequency and gate voltage modulation.  
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Abstract 
Surface acoustic wave (SAW) devices are important in microwave frequency communication applications due 

to their high degree of frequency selectivity with low insertion loss and compact in size. Operation frequency of a 
SAW device contain is determines by the wave length of the acoustic wave of the piezoelectric material, which in 
turn, is determined by the interspacity of the interdigital transducers (IDT) electrodes. Therefore, for the purpose of 
increasing operating frequency for the SAW devices, substrate materials having large acoustic wave velocities, such 
as diamond or SiC are required. However, conventional diamond films usually possess facet granular structure with 
large roughness, which requires large amount of polishing. Such a process is very time consuming. A diamond films, 
which have smooth surface is urgently needed for the development of high frequency SAW devices. Ultra-nano-
crystalline diamond (UNCD) films possessing smooth surface are good candidate for high frequency SAW 
application. In this study, we demonstrate a SAW device using AlN/UNCD/Si as material system. UNCD films 
were grown in a 2.45 GHz microwave plasma enhanced chemical vapor deposition (MPECVD) system on Si (100) 
substrates in methane and argon (CH4/Ar) plasma. C-axis oriented Aluminum nitride (AlN) with a thickness of 3 µm 
were prepared by reactive RF-sputtering technique. AlN with (002) preferred orientation were successfully obtained 
on UNCD films. A SAW device with good performance will be presented.. Using Network Analyzer (H.P. 8722ES) 
and GSG probe we can measure the acoustic properties of AlN/UNCD/Si SAW devices. 

 

Figure 1. Cross-section SEM surface morphology of AlN/UNCD/Si structure .  
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Figure 2. Optical Image of AlN/UNCD/Si SAW devices. 
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Abstract 
The growth of the nanocrystalline diamond (NCD) films on LiNbO3 (LN) substrate using CH4/H2/O2 in microwave 
plasma enhance chemical vapor deposition reactor have been investigated in this study. By varying the temperature, 
gas composition, and processing pressure during the growth, it is concluded that smooth NCD films on LN 
substrates can be obtained by MPECVD with an amorphous buffer layer. Furthermore, the nucleation density can be 
substantially enhanced by applying a bias voltage at the initial stage of the growth.  Preliminary measurement of 
surface acoustic wave (SAW) characteristics on the above mentioned structure concluded that NCD/LN structure is 
ideal for high electromechanical coupling, which is highly desirable for SAW devices.  Further study on various 
device architectures is proposed in this paper. 

INTRODUCTION 
NCD deposition using MPECVD has been demonstrated by many laboratories in the past decade.  In this report, we 
demonstrate the growth condition for NCD on LiNbO3 substrate.  An attempt to make  SAW devices using 
NCD/LN is also demonstrated. 

EXPERIMENT 
The substrates were as-received LN wafers. In order to increase nucleation density, the substrates were scratched 
with 4-nm diamond powders to reduce surface energy and provide nucleation seeds. After that, they were 
subsequently cleaned ultrasonically in acetone, methanol and D.I. water in sequence and then dipped in a 10% HF 
aqueous solution, and dried by blowing nitrogen before the deposition. When the chamber vacuum achieves 1×10-3 
Torr, hydrogen was inducted into the chamber to produce hydrogen plasma at 20 Torr at 1 kW microwave power. 
Hydrogen plasma etches oxides on substrates surface for pretreatment before deposition. Nanocrystalline diamond 
films were deposited using micro-wave plasma enhanced chemical vapor deposition (MWPECVD) system made by 
Astex Company. A schematic diagram of this system is shown in Fig. 1. Microwave generated by the generator was 
guided through quartz window into the chamber to to produce plasma. The substrate was put on a molybdenum 
holder, and a boron nitride heater provided independent substrate heating. Thermocouple placed underneath the 
molybdenum holder was used to monitor the substrate temperature. In order to measure the surface temperature of 
the substrate, a two-color pyrometer was used. 

 

RESULTS 

Fig. 1 shows the SEM image of diamond thin films that grown at 610 ℃ with smooth surface. The diamond 
growth rate increased with increasing temperature and as shown in Table 1. The grain size of the film grown above 
610 ℃ showed no variation with increasing growth temperature. From the SEM cross-section images we can 



observe that the diamond grown below 580 ℃ has columnar morphology and the diameter of the columns increase 

during the growth. The diamonds grown above 610 ℃ are still columnar in nature, however, the diameter of the 
columns stayed constant during growth. The presumable cause is because higher temperature offered enough energy 
to facilitate continuous secondary nucleation and restrain the grain growth. 

    

Figure 1. The SEM images (a) cross-section view and (b) top view images of diamond films grown at 610 C. 

 Fig. 2 shows the hardness and elastic modulus of the diamond thin films at various growth temperatures 
measure by nanoindentation system. Hardness and elastic modulus increased with temperature. The film grown at 
750 ℃ showed the highest hardness (~49GPa) and elastic modulus (~482GPa). The hardness of nanocrystalline 
diamond films measured by nanoindentation was lower than the hardness of natural diamond (100GPa) [5]. The 
presumable cause is high proportion of non-diamond phase that exist in grain boundary surrounding the 
nanocrystalline diamond. Surface acoustic wave technique was also employed by Professor Peter Hess’s group at 
Heidelberg Univresity, Germany, to measure the Young’s modulus of the films.  A Young’s modulus and density of 
746 GPa and 3.45 g/cm3, respectively, were measured for the film grown at 610 ℃. 

 

Figure 2. Hardness and elastic modulus of diamond thin films grown at various temperatures. 
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ABSTRACT 
 
Many Si-based MEMS devices exhibit performance limitations due to the relatively poor 
physical, mechanical, chemical and tribological properties of Si. Diamond and diamond-like 
carbon offer several advantages over conventional Si and even SiC as alternate MEMS materials. 
However, the fabrication of diamond-MEMS components requires a synthesis method capable of 
producing diamond films with very smooth surface topography, high hardness and fracture 
strength, low coefficient of friction, and high electrical conductivity, the latter for specific 
MEMS devices requiring electrostatic actuation. In addition, it is desirable to use 
microfabrication methods from the Si-MEMS technology. A new diamond film technology 
developed at Argonne National Laboratory yields phase-pure, low stress ultrananocrystalline 
diamond (UNCD) layers with 2-5 nm grains and smooth surfaces (20-40 nm rms) that are 
suitable for fabrication of high-performance MEMS devices. The UNCD films are grown using 
an Ar-rich CH4 /Ar plasma chemistry that yields high nucleation rate for nanocrystalline 
diamond growth.  
 
In this presentation, we will review work done to characterize the mechanical properties of 
UNCD at the MEMS scale. We will discuss studies of the mechanical properties of UNCD film-
based MEMS structures fabricated with plain undoped UNCD and nitrogen-doped UNCD. 
Undoped UNCD films exhibit hardness and Young’s modulus similar to single crystal diamond 
(i.e., 90 GPa and 980 Gpa, respectively), and very low friction coefficient (~ 0.02). Nitrogen-
doped films that result in n-type high conductivity UNCD layers exhibit lower hardness than 
undoped films (reduced to ~80 GPa), but are still suitable for MEMS requiring high conductivity 
and mechanical strength. The mechanical and electrical properties of UNCD films with and 
without nitrogen incorporation will be discussed in terms of bulk defects and/or changes in grain 
and grain boundary structure and size induced by nitrogen incorporation. For example we have 
determined that the fracture strength of undoped UNCD as yielded from measurements using a 
membrane deflection method is about 5 GPa, which is lower than the expected intrinsic value for 
UNCD. Cross-section SEM studies revealed that bulk defects might be responsible for the 
observed relatively low value of UNCD fracture strength. In addition, nitrogen incorporation to 
increase UNCD electrical conductivity results in a reduction of fracture strength to about 3 GPa, 
which might be due to microstructural, dimensional and/or atom bond changes in grain and grain 
boundaries. The experimental studies will be discussed with respect to computer simulations 
performed by other members of the NSF NIRT program under which the work described here is 
being performed. Prospects for a new UNCD MEMS technology will be discussed as well. 
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Abstract 
Minimizing wear on tips used in the atomic force microscope is a critical problem in scanning probe microscopy. 
Diamond is an ideal candidate material for such tips because of its outstanding mechanical, chemical and 
tribological properties. However, it is very difficult to fabricate atomically sharp diamond tips with the conventional 
chemical vapor deposition (CVD)-diamond technology because of the intrinsically large grain size (micrometers). 
Ultrananocrystalline diamond (UNCD) is an ideal candidate material for such application because of the small grain 
size (3-5 nm) with extremely low surface roughness (~11 nm) and the ability to form conformal ultra-thin coatings 
(less than 100 nm thick). Here we describe a fabrication process to batch-fabricate monolithic ultranonocrystalline 
diamond (UNCD) AFM probes. Detailed steps include fabricating pyramidal etch pits on the silicon wafer by 
anisotropic etching of Si in KOH followed by UNCD deposition (~1µm). The UNCD-coated wafer is then subjected 
to a series of fabrication steps including metallization, photolithography, and RIE to from monolithic UNCD 
cantilevers with integrated pyramidal tips. These cantilevers are finally released from the backside and then 
physically bonded to the holding substrate and then sawed with dicing saw to take out individually for testing. Here 
we present the fabrication part to demonstrate that monolithic UNCD cantilevers can be fabricated using fabrication 
approach we have developed in our laboratory. 

 

SiN KOH etching

 
Figure1. Fabrication process flow for the UNCD probe 
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Figure2. SEM image of the UNCD tip fabricated using Si mold technique 



X-RAYS DIFRACTION ANALYSES OF THE CVD DIAMOND FILM DEPOSITED 
ON THE TI6AL4V ALLOY WITH THE ADDITION OF CF4 IN METHANE-

HYDROGEN MIXTURE 
Teófilo M. de Souzaa, Joanisa Possatoa, Joelma de Oliveiraa,b, Jomar E. Buenoa 

a) Laboratório de Pesquisa e Desenvolvimento de Dispositivos com Diamante CVD e Novos Materiais – Unesp - 
Campus Guaratinguetá (teofilo@feg.unesp.br) 

b) FAMINAS- Bairro Universitário-Muriaé-MG(joelmaoliveira@imicro.com.br) 

 

Keywords: X-Rays Difraction, CF4, Ti6Al4V 
Abstract 

The analyses by X-Rays difraction for the bulks with the CVD diamond film had the purpose of 
verify some alterations in the concentrations of carbides and of the elements Ti, Al and V, seen 
that the action of the fluorine in general alters the chemical composition and physics of the 
surface of the substrate. The difratogram with the main peaks of the titanium and of the 
aluminum for the diamond film deposited under the temperature of 600oC, with the time of 
2 hours showed that remains a titanium peak in 2θ = 35,2o. Also, the titanium carbide, TiC, is 
present in the peaks located in 2θ = 35,9o and 41,6º. The diamond peak also is present in 44º. The 
difratogram with the main peaks of the titanium and of the aluminum for the diamond film 
deposited under the temperature of 600 oC, with the time of 5 hours presented the titanium peak, 
TiC peak, and still of the a lot diamond presenting resemblance with the previous results. The 
difratogram with the main peaks of the titanium and of the aluminum for the diamond film 
deposited under the temperature of 600 oC, with the time of 7 hours presents a titanium peak in 
2θ with value of 35,2o. The titanium carbide, TiC, is present in 2θ located to 35,9o and 41,6o, 
where the intensity of the first peak has a value like the main one. The peak of the diamond 
appears in 44,83o and 76,19o. The main peak of the diamond is bigger compared with the of 
orientation (220). The diamond is purer than him deposited with the mixture of methane and 
hidrogênio without utilization of the CF4.  
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Abstract 

The analyses by scanning electronic microscope (SEM) permitted to present to film morphology 
and verify itself there is some pull of the film regarding the substrate (qualitative adhesion). 
Through of the SEM observed himself that to film obtained presents good homogeneity, with 
medium size of the grains of diamond more less than 1µm in all of the cases. The handling with 
ultra-sound on the Ti6Al4V alloy, permitted the obtaining of a continuous film after 40 minutes 
of deposition, with 4% of methane in volume in the mixture hydrogen-methane, with size of 
grains. By X-Rays difraction[1] was possible verify the elements and composed present chemists 
in the sample before and after the deposition and, when possible, the crystalline orientation of the 
film. There is the difratogram for the Ti6Al4V alloy before of the deposition. The peak centered 
in the angle to the around of θ=19° corresponds to the Al. There is not presence of the V, 
therefore its concentration is more less than 5%. The too peaks refer to the Ti. The main peak of 
the is around θ=20°. The main diamond peak is around θ=22°. In the bulk surface, where the film 
completely, was verified the predominance of the TiC in the difratogram. Also established 
himself the presence of the TiC in the diverse samples analyzed after the growth of the film. The 
TiC forms himself, before of the deposition of the film of diamond, altering the composition of 
the surface.  
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Abstract 
Diamond is considered as an excellent  bio-inert/biocompatible material that can be used for the fabrication 

of implantable biomedical devices. The main form in which diamond can be applied to the fabrication of 
implantable biodevices is as thin films. However, the high growth temperature for conventional CVD process used 
for the synthesis of diamond films has  limited its application as a hermetic coating for encapsulation of  active 
implantable microchips for example, to make the Si-based CMOS device bioinert and biocompatible. We 
demonstrate in this presentation the application of ultrananocrystalline diamond (UNCD) as  hermetic coating for 
encapsulation of implantable  biomedical devices such as artificial retina microchips. UNCD coatings are grown in a 
microwave plasma enhanced chemical vapor deposition (MPECVD) system using a novel Ar-rich/CH4 plasma 
chemistry, resulting in films with 3-5 nm grain size and atomically abrupt  grain boundaries. The UNCD coatings 
discussed in this presentation were deposited at substrate temperatures in the 400 - 800 oC range and exhibited a 
dense and continuous texture demonstrated by cross-section SEM. The electrochemical test in 5% HF proved that 
these UNCD coatings possess excellent hermeticity although they exhibit a relatively high leakage current in 
electrochemical tests, due to the relatively high conductivity of plain UNCD films. In order to decrease the leakage 
current, a series of UNCD coatings were prepared with the addition of different hydrogen content in the plasma ( 
from 1 to 20 %) and at different substrate temperatures. The electrochemical tests were carried out at wide potential 
range (+5/–5 V) in PBS (phosphate buffered solution). The data revealed that UNCD coatings grown with 1% 
hydrogen and ~ 400 ˚C substrate temperature exhibits the lowest leakage current (~ 4 x 10-7 A/cm2 at the potential 
of +5/–5 V), which  satisfies the basic requirements of the encapsulation layer for  artificial retina microchips. The 
mechanisms responsible for increasing the electrochemical inertness of UNCD coatings will be discussed. In this 
respect, the data suggests that hydrogen incorporation into the grain boundaries saturates dangling bonds making the 
UNCD coating more insulating and resulting in lower  leakage. In addition, in vivo tests of bioinertness of UNCD 
coatings were conducted via implantation of UNCD-coated Si samples into rabbit eyes. All in vivo and in vitro test 
results showed that UNCD coatings possess excellent biocompatibility and biostability within the physiological 
environment. These studies demonstrate that UNCD is a promising candidate as hermetic and bioinert coating for 
protection of implantable medical devices in biomedical environments .  
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Abstract 
We will discuss recent studies of the nanotribological properties of carbon-based thin films, particularly 
nanocrystalline diamond, tetrahedral amorphous carbon, and diamond-like carbon. By using atomic force 
microscopy for nano-scale friction measurements and surface spectrosopy techniques for detailed chemical and 
structural studies, we are able to demonstrate that the carbon bonding configuration (sp2 vs sp3 hybridization) 
and chemical termination of the surfaces has a strong effect on nanoscale friction and adhesion. We will 
present these results and discuss their potential impact for nano-, micro-, and macro-scale applications. 
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Abstract 
   Carbon onions were synthesized by heat treatment of diamond clusters at low temperatures of 800-1400°C in the 
presence of iron catalyst. Transmission electron microscope observations of diamond clusters before and after 
heating were performed. It was shown that diamond clusters have transformed their diamond structure into graphite 
structure after heating above 800°C. Solid lubricant properties of the carbon onions were measured by ball-on-disk 
type friction test using silicon wafers and stainless steel balls in air and vacuum. The carbon onions prepared at 
1200°C have shown low-friction coefficients both in air and vacuum. 

INTRODUCTION 
   Carbon onion [1] is a fullerene related carbon material having concentric graphitic shells and is expected to be an 
excellent solid lubricant [2] because of low interaction of carbon onions with other substances, which would be 
caused by dangling bond-less structure of the outermost layer of carbon onions unless defects are contained. One of 
the preparation processes of carbon onions is heat treatment of diamond clusters. Although this process enables us to 
produce milligrams order of carbon onions, higher temperature than at least 1700°C is required [3], which is usually 
a severe condition for building up a set-up for preparation. In order to reduce the temperature, we have 
experimentally investigated the employment of ferrous catalyst to the heating process. 

EXPERIMENTAL 
   Diamond clusters produced by detonation method, of which average diameter is 5 nm, was used as a source 
material. For catalyst, iron was employed on the basis of its diffusion property of carbon. Diamond clusters were 
ultrasonically mixed in aqueous solution of Fe(NO3)3⋅9H2O and dried in hot air. The atomic ratio of Fe/C was 
controlled at 1/1000. The diamond clusters containing iron catalyst was heated in argon ambience at 1.5 × 105 Pa 
using an infrared furnace. The heating temperature was varied 800-1400°C and kept for one minute. After heat 
treatment, the catalyst of iron was removed using hydrochloric acid. 

   The microstructure of diamond clusters before and after heat treatment was characterized by high-resolution 
transmission electron microscopy (HRTEM) and Raman spectroscopy. Moreover, the tribological properties of the 
heated sample were determined by ball-on-disk testing using SUS440C balls of 4.8 mm in diameter, (100) silicon 
wafers of n-type under normal applied load of 0.95 N and sliding velocity of 9.4 mm/s. Sliding testing was carried 
out in air at relative humidity of 35% and in vacuum at 5 × 10-3 Pa.  

RESULTS AND DISCUSSIONS 
   The image of diamond clusters heated at 800°C taken by HRTEM is shown in Fig. 1 along with that of raw 
material. It is found that diamond structure of the diamond cluster disappears after heat treatment and varies to 
multi-layered concentric spherical structure, so that iron catalyst results in the preparation of carbon onions from 
diamond clusters at low heating temperature of 800°C. The variation of diamond structure to graphitic structure was 
also confirmed by Raman spectroscopy. 

   The friction property of carbon onions prepared at low heating temperature of 1200°C was determined in air and 
vacuum and the results are shown in Fig.2. Friction coefficients for a lubricated silicon substrate, graphite powder, 
diamond clusters and carbon onions prepared at 1730°C without catalyst are displayed as references. In both air and 
vacuum, the carbon onions prepared at 1200°C exhibits lower friction coefficients than that of graphite. The 
tendency to increase friction coefficients in vacuum, which is typical for graphite, is not observed for the carbon 



onions in spite of the graphitic structure. This different behavior of carbon onions from graphite would be caused by 
their spherical closed structure of graphene sheets. However, the friction coefficients for the carbon onions prepared 
at 1200°C is slightly higher than that for the carbon onion prepared without catalyst at 1730°C, especially in vacuum. 
One of the factors to cause higher friction is the presence of defects in the outermost layer of carbon onions, and it 
can be considered that the carbon onions prepared at 1200°C is more defective.  

  

SUMMARY 
   Carbon onions have been prepared from diamond clusters by heat treatment at lower temperature using ferrous 
catalyst and their tribological property has been investigated. As a result of heating at 800°C, HRTEM and Raman 
spectroscopy have confirmed the transformation of diamond clusters to graphitic particles having concentric 
multilayer that is intrinsic structure for carbon onions. The carbon onions prepared at 1200°C showed low friction 
coefficients regardless of the ambient of air and vacuum. However, the carbon onions prepared at low temperature 
with the help of ferrous catalyst would be relatively defective than carbon onions prepared without catalyst so as to 
exhibit higher friction coefficients. 
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Figure 2. Variations of friction coefficients of carbon onions with other reference materials in (a) air and 
(b) vacuum 

 

Figure 1. HRTEM observations of diamond clusters (a) before and (b) after heat treatment at 800°C 
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Abstract 

Ultra -fine diamond comp osite coatings were deposited onto the Co-cemented tungsten carbide (94wt.％WC-6wt.％
Co) substrates via electron aided hot filament chemical vapor deposition (EAHFCVD). These diamond coatings 
have been tested in dry sliding against SiC particles reinforced aluminum-matrix composites materials (15％  SiC 
PRAMC), metal copper wire core material (Cu-1) and metal aluminum wire core material (Al-0) by tribological pin-
on-disc tests under a range of test conditions to evaluate the tribological performances of these ultra-fine diamond 
composite coatings. It was found that the friction coefficient of ultra -fine diamond composite coatings was 
remarkably decreased in comparison with that of uncoated carbides and normal diamond coatings after the initial 
period of rising rapidly. Furthermore, the friction coefficients between ultra-fine diamond composite coatings and 
SiC PRAMC, Cu-1, and Al-0 were measured as 0.122, 0.143, and 0.165 respectively during the steady-state period 
of friction. Thus, the friction coefficients of ultra-fine diamond composite coatings under the actual cutting 
environment of diamond-coated tools against above three materials were measured, and these data were analyzed 
based on physical and chemical theory . This fundamental work will be useful to the optimization of diamond CVD 
process and engineering applications of diamond coated tools in machining field. 

INTRODUCTION 
The adhesion of diamond thin film to the tungsten carbide substrate and the surface roughness of diamond thin film 
are the two key factors for diamond coated tools, which are becoming the main problems to be solved in process of 
cutting and drawing. Therefore, it is very important to obtain high quality diamond films with high adhesive strength 
and low surface roughness for the diamond coated tools. However, it is very difficult to obtain such high quality 
diamond films by conventional CVD methods. In the previous investigation [1-3], we have solved the problem of 
high surface roughness of polycrystalline diamond coatings by the deposition of ultra-fine diamond composite 
coatings. The tribological behaviour of ultra-fine diamond composite coatings plays an important role in 
determining the machining quality and work-life of tools , and which were investigated in this paper, and these data 
were analyzed based on physical and chemical theory. 

EXPERIMENTAL DETAILS 
Test Materials 
Tungsten carbide (K10) was used as substrates. Tungsten carbide (K10) and Ultra-fine diamond composite coatings 
were used as discs, and15％ SiC PRAMC, Cu -1 and Al-0 were used as pins respectively. 

EAHFCVD Methods and Parameters 
Before the deposition process, a new surface pretreatments for the WC-Co substrates were used step by step. The 
deposition experiments were carried out in the EAHFCVD reactor. Ultra-fine diamond thin films were continually 
fabricated by adjusting CVD process parameters to enhance the secondary nucleation greatly.  

Tribological Testing Procedure 
The tribological tests, conducted on a classical pin-on-disc tribometer under an ambient atmospheric and non-
lubricated conditions, was used to evaluate the tribological behaviour of the ultra-fine diamond composite coatings, 
normal diamond coatings and uncoated tungsten carbides.  



RESULTS AND DISCUSSION 
The surface morphology and quality of diamond coatings were characterized by SEM and Raman spectroscopy. In 
comparison with normal diamond coatings, diamond crystal of ultra-fine diamond composite coatings is fine and 
close in texture, and a layer of amorphous carbon similar to graphite was deposited on the surface of diamond 
crystal, which will conduce to reduce frictional coefficients of coatings against other materials. The presence of non-
diamond component such as amorphous or graphitic carbon was investigated by Raman spectroscopy. The Raman 
shift of ultra-fine diamond composite coatings decreases in comparison with that of normal diamond coatings. 
Furthermore, the broad peak of sp2-bonded carbon, which was attributed to graphite at approximately 1580 cm-1, 
was also observed in ultra-fine diamond composite coatings. Due to the lubricating effect of graphitic debris, which 
can be easily sheared owing to its layered structure, and the graphitization occurs during sliding that has a 
lubricating effect, diamond coatings would obtain very low friction coefficients. Furthermore, the effect of the 
environment may be avoided by adopting the same experimental conditions including to the temperature and the 
relative humidity in order to investigate the friction coefficient of ultra-fine diamond composite coatings against 15
％ SiC PRAMC, Cu-1 and Al-0 by tribological pin -on-disc tests . The frictional coefficients measured in tribological 
pin-on-disc tests for above three samples against bare WC, normal diamond coatings and Ultra-fine diamond 
composite coatings are shown in Fig.1. It indicates that frictional coefficients tended to be high and erratic during 
the initial rubbing period, and they settled down to a low and steady value afterwards. When above three samples 
were used to rub ultra-fine diamond composite coatings, all frictional coefficients reduced obviously due to the 
lubricating effect of graphitic debris of ultra -fine diamond composite coatings, which indicated ultra-fine diamond 
composite coatings are the more desirable tool coated materials than normal diamond coatings. 

 

 

 

 

 

 

 

 

 

CONCLUSIONS 
Ultra -fine diamond composite coatings can drastically reduce the surface frictional coefficient during steady-state of 
rubbing in comparison with normal diamond coatings and bare tungsten carbides due to its especial physical and 
chemical performance such as the lubricating effect of graphitic debris in the machining process of 15％ SiC 
PRAMC, Cu-1 and Al-0, as a result, which make ultra -fine diamond composite coatings become the most desirable 
tool coated material widely applied to the high speed machining non-ferrous difficult-to-cut materials in the field of 
automobiles industry, aeronautics and astronautics industry and effectively machining metal wire core material in 
the field of drawbench dies . 
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Fig.1 Frictional coefficients of the three samples rubbing against: (a) bare WC; (b) normal; (c) Ultra-fine; 
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Abstract 

CMP for making future semiconductor chips with nanom (nano meter) feature sizes can be 
accomplished by using nanom diamond particles embedded in an organic matrix (e.g. epoxy).  
Such nanom diamond particles are derived from the detonation of dynamite (e.g. TNR and RDX) 
in oxygen deficiency atmosphere.  The nanom diamond particles are formed instantaneous from 
the residue carbon during the transient ultrahigh pressure and temperature.  These nanom 
diamond particles are defect ridden and they are coated with a softer carbon coating (e.g. bucky 
balls and nano tubes).  The softer carbon coating can lubricate the cutting edge in-situ during 
the action of nanom polishing.  The nanom diamond has an intrinsic tight size distribution (4-10 
nanoms) so the scratch of delicate semiconductor chip (e.g. IC with copper circuitry) is avoided.  
Moreover, the nanom diamond itself contains built-in defects that will allow nanom chipping so 
the abrasive can be self-sharpened for continual polishing with high efficiency.  In addition, the 
nano radius of the nanom diamond can polish the wafer in the ductile domain so chipping of the 
polished surface is avoided.  The result would be a clean and smooth surface with minimal 
mechanical degradation or thermal damage.  The resinoid matrix that holds nanom diamond is 
impregnated with nanom metal particles (e.g. Ni) that can be dissolved by acidic slurry.  
Alternatively, the epoxy matrix may also incorporate nanom salt particles (e.g. NaCl) that can be 
dissolved in water.  The dissolution of non-carbon nanom additives will expose new nanom 
diamond particles continually so the efficient polishing can be sustained. 
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Abstract  A detailed description of transport physics in ultra high quality synthetic single-crystal (SSC) 
diamond layers is presented here for the first time. No numerical model detailing carrier transport in diamond 
devices is available as yet. This model is analysed with respect to a 10µm diamond Schottky barrier diode 
(SBD) in the 2D MEDICI device simulator where the numerical results obtained were compared to those 
obtained experimentally. 
 

Device description and models used  The diode structure comprises of a 10 µm drift region made of intrinsic i 
diamond, grown on a highly boron doped p-region, with a gold Schottky cathode (workfunction 4.9eV). This 
layer holds off the reverse voltage in the blocking mode and thus can be made very thin. In addition, diamond 
has the highest breakdown electric field, thus making it an ideal candidate for power applications, although the 
ultimate breakdown capability of diamond power devices is limited by their termination structures rather than 
the i layer thickness. This layer has space charge limited-like conduction across it during the on state, thus 
charge transport across it must be well understood to accurately model the behaviour of power devices. The i 
layer is implemented as a lowly doped NI layer in the numerical model to aid numerical convergence as this 
prevents excessively low carrier count during conduction. Boron forms a deep donor in diamond, thus not fully 
activating all carriers at low concentrations. The model proposed incorporates these observations as well as 
temperature dependence, and transition to fully activated metallic conduction for concentrations > 1017cm−3. 
Concentration dependant mobility is invoked by implementing two models based on the 3800cm2/V-s high 
intrinsic layer hole mobility in [1,2] and NI

−1 trends in [3] as shown in Fig. 1. In addition, the T−1.5 and T−3.7 
temperature dependence of mobility for 300K < T < 380K and 400K < T < 540K respectively [2] is incorporated 
into the model to take into account the influence of temperature on device performance [4]. Impact ionization 
coefficients catering to device breakdown have yet to be described for diamond. The model proposed describes 
these parameters by adjustment of parameters used for SiC on the basis of the 5.45 eV band-gap of diamond [5]. 
 

On-state matching  Fig. 2 shows the measured on-state characteristics of the oxygen terminated diamond SBD 
at 30°C. The potential barrier at the cathode was adjusted to that seen by experiment (~ 2V) due to the inability 
to model accurately the experimental Schottky barrier where interface traps and surface states result due to 
surface roughness and contaminants, leading to a change in the barrier potential. From the plot, it can be seen 
that by invoking the Nebel mobility trends [3] and the high hole mobility of 3800cm2/V-s reported by Isberg 
[1,2], there is a good fit between the experimental and numerical data, for NI concentrations between 109 and 
1011cm−3. From Fig. 2, it can be seen that there is a mere 2% difference (at VA = 3V) between the numerical and 
experimental results for the practical forward voltage range (2V + turn-on voltage) over which an SBD would be 
expected to operate. The experimental I-V curve shows more pronounced superlinear behaviour than the 
simulated curve at higher bias. This is due to the approximation of the intrinsic layer with a lowly doped 
(1011cm−3) layer in the simulations which cannot account for space charge limited transport. For a first attempt 
at modelling SSC diamond SBDs, this is a remarkable result as it verifies the ‘ idealness’  of  SSC diamond 
obtained by CVD. It is expected that the match shown here would be similar at higher temperatures once the 
model describing the mobility dependence of temperature (and doping) has been completely parameterised and 
optimised [6]. 
 

Reverse blocking behaviour The numerical reverse characteristics of the diode show a breakdown voltage of 
2.1kV, the point of breakdown being at the quasi-i/p+ bulk junction. The plot of electric field through the device 
indicates a field of 2.2MV/cm being supported by the quasi-i layer. The experimental breakdown voltage 
obtained was larger. This difference is due to the approximation made for the voltage blocking i layer in the 
device model as well as the extrapolation of impact ionization parameters from that of SiC. 



 

Fig. 1.   Carrier concentration dependant hole mobility available in literature [1], [2]. A composite mobility 
model between the two was also used in the numerical investigation. 
 

 

Fig. 2.   Numerical and experimental forward characteristics of the i/p+ diamond SBD. The numerical curves 
shown here were calculated with various NI indicating that boron doping between 109 – 1011cm−3 would be a 
good approximation to an i layer. The fit is close to perfect. 
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Although donor and acceptor levels of point defects in a range of materials such as silicon, germanium and A3B5 
materials have been extensively studied using theoretical and experimental methods, the situation is somewhat 
different for diamond [1]. The importance of defects as trapping centers for carriers is becoming significant now that 
synthetic diamond is becoming a viable electronic material. Recently was shown that boron-hydrogen complexes 
can act as a very shallow donor in B-doped homoepitaxially grown diamond layers [2]. However in a small number 
of the electrically active defects have been obtained experimentally for polycrystalline B-doped CVD diamond 
samples.  

In the present work, the B-doped diamond films prepared by HFCVD and MPCVD technique and equipped with Ni 
Schottky contacts were studied by isothermal Charge-based Deep Level Transient Spectroscopy [3]. A Q-DLTS 
spectra for one of the sample (or functional dependence ∆Q(τm), where τm = (t2 - t1)/ln(t2/t1) is the rate window, 
and t1, t2 are the times from the beginning of the defect discharge upon applying a charging voltage V to the 
sample) are shown in Figs. 1,2. It was found, that incorporated boron atoms induce in prepared diamond samples 
two acceptor (A, B) and one donor (C) levels (trapping centers for holes and electrons) with activation energies of 
EA = 0.33, EB = 0.26, EC = 0.29 eV, and capture cross-sections σA = 2×10-14, σB = 1.5×10-19, σC = 2×10-19 cm2, 
respectively. For the first time the electron (donor) trapping centers in the bulk of B-doped CVD diamond was 
observed and investigated by Q-DLTS method. The nature of observed defects and differences between trapping 
centers in HFCVD and MPCVD B-doped diamond films are discussed. 

 This work was supported by the International Science and Technology Center (Grant ISTC No 2503). 

Figure 1. Q-DLTS spectra of B-doped CVD diamond film. V – charging voltage. A, B– acceptor and C – donor 
trapping centers 
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Figure 2. Q-DLTS spectra of B-doped CVD diamond film at the range of donor trapping centers overcharge. Vc = 
10 V. 
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Abstract 
 

Metal-semiconductor field-effect transistors (MESFETs) have been fabricated using the P-type layer surface 

conductive of undoped free-standing polycrystalline diamond grown by high power DC arc plasma jet (HPDAPJ) 

CVD, bring a large area and rapid deposition technique. Raman analysis revealed only the presence of a sharp peak 

at 1333 cm-1, indicating good quality diamond. 

The Au-Au I-V curve exhibits reasonably “Ohmic” characteristics and has been used for the source and drain 

electrode-contacts. The Al-Al measurements showed little current flow, as is typical for two back-to-back Schottky 

diodes. The Al-Au curve reveals strong current rectification indicating a Schottky barrier and used for the gate-

electrode-contacts. 

The MESFETs samples showed I-V characteristics similar to that fabricated using undoped homepitaxial 

diamond grown by microwave plasma-assisted CVD. A detailed discussion is given in the paper of the measured 

results, and it is expected that optimized forms of the MESFETs from HPDAPJ CVD diamond would appear to 

offer a commercially viable route to high-performance diamond-based device development. 
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Abstract 

The operation of sensors in environments characterized by high temperature, high pressure, chemical activity or 
nuclear radiation are increasing their relevance in several engineering applications. Thus, the development of 
sensors based on materials suitable for operation in harsh environment is desirable. The outstanding physical and 
chemical properties of Chemical Vapor Deposition diamond could then be profitably exploited in the realization of 
electronic devices that could work when commercial sensor fail. To this purpose, a thermochemical sensor was 
designed using p-type CVD-diamond films and Palladium. The sensor was tested for different temperature drops, 
showing values of the thermoelectric power as high as 400 ìV/°C with good stability. The catalytic properties of  
thin palladium films [1] allow the thermocouple to be used for gas detection. As an example the hydrogen content, 
within a hydrogen-nitrogen gas mixture, was measured by the changes occurred in the Seebeck output voltage, 
showed by the thermocouple, at constant values of the temperature drop. The sensor response was measured for 
hydrogen contents varying between 0.5 % and 2 %. 

 

Figure 1 Thermoelectric response of the boron-doped-
diamond/Pd thermocouple for a 0 °C reference temperature. 
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Fiure. 2 Diamond/Pd thermocouple signal when 0.5% H2 is 
introduced in the test chamber. 
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Obtained ta–C:H:N films have been produced by the plasma enhanced chemical vapor deposition 
method from multi-component gas mixture of Ar:N2:C7H8 composition. Plasma source 
parameters have a great impact on the structure of produced films as well as on the electro-
physical and optical characteristics of the films. Properties of the obtained films were studied as 
depended upon the following parameters: acceleration voltage: Uac=(1.5–3) kV; ion current 
density: J=(0.5–3.5) mA cm–2; ion kinetic energy: Ek=(20–150) eV, as well as on the ratio of gas 
mixture and pressure in the vacuum system [1]. Three-axis rotation system in the plasma region 
allowed to produce homogenous films with above-given characteristics on the large-area 
substrates of various materials: crystalline Si and Al2O3, amorphous quartz, silicate and organic 
glass [2]. Hydrogenated tetrahedral amorphous carbon (ta-C:H:N) DLC thin films were 
deposited on the surface of these materials by the including of nitrogen into the gas mixture 
being supplied to direct current ion source. 

The optimized average thickness of the produced films is ~200 nm measured by the ellipsometric 
(at 630 nm wavelength) and by the interference methods. The obtained films are transparent in 
the visible light (360–1200 nm) spectra. Optical band gap width and coefficient of absorption 
have been determined by the Tout’s method based on the transmission spectra data. 

As the investigations showed, the higher the concentration of the C7H8 in the gas mixture, the 
lesser the optical band gap width and the slope of the Tout’s curve 1.0–3.5 eV.  

DLC films were deposited on the surface of the crystalline n-type Si to determine the 
temperature dependence of electric parameters. Ni electrodes were deposited on the DLC film 
for carrying out both electrical and photoelectrical measurements. Ohm contacts to the Si 
substrate were formed with the help of arc welding of metallic In [3].  

Ni/DLC/n-Si/Ni system was developed and investigated. Current-Voltage, Capacitance–Voltage 
dependences and Q-DLTS spectra were also determined. 

It was shown that the obtained films have cluster structure [4]. 

The I-V characteristics of Ni/DLC/Si/Ni structure with DLC layer doped by nitrogen in different 
concentrations are shown on Fig.1. The obtained films are enough stable relative chemical, 
thermal and radiation influences, possesses by good microhardness and adhesion with various 
substrates. These films are successfully used in electronics, optics, as well in solar energy 
photovoltaic converters as protective and antireflective coatings [5]. 

Three samples marked as 1,2 and 3 shows that their electro physical parameters are essentially 
different. The conductivity determined with the help of the voltage-current characteristics 
analysis is changed in 9 times for different samples as it follows from Fig.1. 



The temperature dependence of specific conductivity (σ ) justifies the semiconductor properties 
of obtained DLC films Fig.2. Increasing in temperature in two times leads to σ  increasing in the 
5 orders. Analysis of I-V characteristics temperature dependencies evidenced hopping 
mechanism of charge transfer across the localized states. The sample #2 with the more density of 
defects possesses high conductivity. The samples 1 and 3 have low density of states and 
characterized by better insulate properties. The investigation of photovoltage kinetics of all 
samples shows that band bending in Si substrate for sample 1 is more comparing with others. 
The activation energies and cross-sections of defect centrums are determined. 
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Fig.1. I-V characteristics of thesamples 1,2 and 3.
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Fig.2  Arrhenius plots of the samples 1,2,3
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Abstract 
Up to date, in-situ phosphorous doping of CVD diamond remains the only well-established method to achieve n-
type diamond films. Several research groups in the world have used the MW PE CVD technique in combination 
with a P-containing precursor gas, leading to the successful deposition of active P-doped films [1-3]. 

Most of the n-type doping efforts are focused on homoepitaxial growth using {111}-oriented HPHT Ib substrates. 
As {100}-oriented n-type diamond remains a problem, diamond pn-junctions are based on stacking of a n-type layer 
upon a {111}-oriented B-doped film, deposited on a Ib substrate. In order to improve the diode characteristics, 
usually a thin undoped, intrinsic CVD diamond layer is deposited between the two doped layers, creating a pin-
diode. By making use of selective RIE, ohmic contacts can be deposited on both doped layers. 

For this work we have deposited a set of pin-diodes under similar doping conditions, but varying the intrinsic layer 
thickness. We will discuss their I-V characteristics and their UV-response around the band gap. 

As is known, the substrate-size is still a limiting factor in the production of n-type films and pn-junctions on larger 
areas. Recently, at IMO the first polycrystalline n-type films and pn-junctions were deposited making use of a 
polished polycrystalline CVD diamond as substrate [4,5]. Now we optimised the orientation of this substrate and 
looked at the morphology of the n-type layer grown on top. Using SEM, EBSD and Orientation Imaging 
Microscopy (OIM) images we show the relation between the grain orientation of the substrate and the grain grown 
on top. The novel OIM technique allows the determination of grain orientations over the complete thickness of the 
film. Finally, Hall-measurements on P-doped polycrystalline n-type films will show the active n-type character of 
these films. 
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Abstract 
Current studies involving thermionic energy converters point to crystalline carbon films in combination 

with field enhancing properties as promising candidates for the emitting material [1]. Thermionic energy conversion 
is accomplished through the combination of a hot electron emitter in conjunction with a somewhat cooler electron 
collector. In operation, an electric potential will develop between the two surfaces that can result in a significant 
source of electrical energy. The system converts the thermal energy into electrical energy. Since the process is based 
on electron emission and collection with no mechanical motion, this source can be highly efficient and operate 
without maintenance for extended periods of time. A limiting phenomenon to the vacuum emission of electrons is 
the space charge effect in which electrons in the vacuum close to the emitter surface impede additional electron 
emission. A method to combat this limiting effect is the introduction of surface features which produce a field 
enhancement effect at the surface. The electrons emitted from the tip shaped surface features are accelerated more 
rapidly across the vacuum gap to the electron collector. 

Ultra nanocrystalline diamond (UNCD) films have been grown on etched Silicon tip arrayed substrates. 
Raman spectroscopy of the films shows peaks consistent with typical UNCD films and SEM shows continuous 
coating of the underlying array and clear field enhancement geometry. Field emission electron microscopy (FEEM) 
measurements of the tip arrayed films give real time, spatially resolved images of temperature dependent electron 
emission. The first significant emission above room temperature emission occurs at temperatures around and below 
830º C. In this regime, an intense, temperature dependence is observed from both the tip structures of the sample as 
well as the flat, background areas (Figure 1). Field enhancement affects the intensity of emission resulting in 
brighter spots at the apex of the tips. This emission reaches its strongest around 830º C, rapidly degrading for 
temperatures in excess of this maximum. This temperature dependent degradation in emission has been observed for 
other nitrogen doped crystalline CVD films and is correlated to the desorption of surface bound hydrogen and the 
linked loss of the film’s negative electron affinity (NEA)[2]. As the temperature is further increased, intense 
emission is once again observed from the tips of the sample (Figure 2). This emission is stable and cyclic and 
present only at the tips of the array. There is no contribution from the background. In this presentation, the origin of 
these electron emission regimes will be examined and explained. 
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Figure 1.  Temperature dependent FEEM images of the UNCD coated tip array. A steady increase in electron 
emission with increasing temperature is observed up to 830º C. Electron emission is detectable from both the tips and 
flat background of the sample. The geometric field enhancement effect results in stronger emission from the apex of 
the tips as compared to the background. After five minutes of exposure to the elevated temperature, the emission 
degrades. This corresponds to a loss in the film’s NEA due to hydrogen evolution from the surface. 

Figure 2.  After the loss of the film’s NEA, temperature dependent field emission continues to be present. As the 
sample is annealed to higher temperatures, strong electron emission is observed from the tips of the array. There is no 
longer detectable emission from the flat background of the sample. This emission is very stable and repeats with 
successive increasing and decreasing sweeps of the temperature. 
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Abstract 

Diamond films have been extensively investigated for the applications as electron sources, since 
diamond has negative electron affinity. The electron field emission behavior of the ultra-nano-
crystalline-diamond (UNCD) films was observed to be pronouncedly superior to that of the 
diamond films with micron- or submicron-sized grains, due to the presence of abundant grain 
boundaries with sp2-bonds. To further enhance the electron field emission capacity of diamond 
films, porous anodic alumina (PAA) assisted growth/etching process was used for increasing the 
aspect ratio of the UNCD, so as to enhance the field enhancement factor of the emission sites. 
Porous anodic alumina (PAA) layer was first fabricated on Si substrate, followed by the growth 
of UNCD. To fabricate the PAA, aluminum films were sputtered onto Si substrate, and were 
anodized in oxalic acid solution (0.3 M). A two step process was adopted to improve the 
uniformity of the PAA layer, in which, the first formed anodized layer, the prior oxide layer, was 
removed and the residual aluminum was then fully oxidized to produce the uniform array of 
hexagons. After the formation of PAA honeycomb pattern, the UNCD films were grown in a 
2.45 GHz microwave plasma enhanced chemical vapor deposition (MPECVD) system, using 
CH4/Ar plasma. The morphologies and bonding structures of PAA and diamond films were 
characterized. The electron field emission behavior of the UNCD films was measured. The 
correlation of the characteristics of the PAA layer with the characteristics of the UNCD films 
will be discussed. 
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Figure 1. Two step process for fabrication of porous anodic alumina PAA. 
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Figure 2. Typical PAA structure and the ultrananocrystalline-diamond films. 
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Abstract 

A diamond based field emission device with low turn-on field and ability to produce high emission current 
is attractive for vacuum microelectronic applications.  Recent research has suggested that nitrogen incorporated 
nano-crystalline diamond is advantageous for fabricating field emission devices as it is electrically conductive and 
exhibits low turn-on field [1]. Concurrently, an edge-shaped geometry could be better for high emission current 
since each edge can have multiple emission sites along the edge [2]. Thus, the utilization of edge-shaped geometry 
in nitrogen incorporated diamond promises an excellent field emission device. In this paper we report fabrication 
and field emission behavior of micro-patterned edge-shaped diamond field emission diodes fabricated using 
nitrogen-methane plasma.  

The edge-emitter molds were fabricated from a silicon substrate utilizing silicon micropatterning and 
etching techniques.  Further sharpening of the molds was performed by thermal oxidation of the silicon mold before 
diamond deposition. This oxidation process not only sharpened the edge but also served as a gate dielectric 
formation step for the triode device with built-in gate. Diamond was deposited into the edge molds by microwave 
plasma chemical vapor deposition (MPCVD) process using nitrogen-methane plasma. The deposited diamond film 
was characterized with energy dispersion spectroscopy (EDS), Raman spectroscopy, and scanning electron 
microscopy (SEM). Each diamond cathode array, consisted of 1000 edges with each edge base 15µm in width and 
120µm in length, fabricated on a 1cm2 silicon chip and bonded to molybdenum substrate by a high temperature 
brazing process. The cathodes were tested for emission behavior in a diode configuration. Highly doped low 
resistivity silicon was used as the anode and a mica spacer was used to separate the anode and cathode.  The diode 
was considered “turned-on” when a forward emission current of 1µA was obtained.  

Fig. 1(a)-(b) compares the diamond edge geometry obtained from nitrogen-methane and hydrogen-methane 
plasma growth processes, while holding other fabrication parameters the same. Nano-crystalline diamond with an 
average grain size of 5-10nm as compared to 50-100nm was obtained from nitrogen-methane plasma growth and 
methane-hydrogen plasma, respectively. The smaller diamond grain size obtained from nitrogen-methane plasma 
growth has led to a sharper edge emitter and hence a higher field enhancement factor and lower turn-on field. 
Nitrogen incorporation in the as grown diamond film, as seen in EDS spectrum in Fig. 1(c) and Raman spectrum in 
Fig. 1(d), promotes sp2 bonding which increases the bulk conductivity of the diamond film and also improves the 
transport of electrons to the diamond-vacuum interface. Edge emitter diode fabricated from nitrogen-methane 
plasma displayed a low turn-on field of 2V/µm as compared to 5V/µm displayed by those fabricated using 
hydrogen-methane plasma compared in Fig. 2(a) [3]. The low turn-on cathode also displayed a high emission 
current of 5.3mA at 8V/µm as observed from Fig. 2(b). Lowering of turn-on field is attributed to the combination of 
higher bulk conductivity of deposited diamond and the ability to fabricate sharper edge emitter geometry as 
compared to that obtained from methane-hydrogen plasma. 

In conclusion, diamond edge emitters were fabricated and their emission characteristics studied. Lowering 
of turn-on field was achieved by fabricating the edge emitters using nitrogen-methane plasma and emission current 
density of 5.3mA/cm2 was demonstrated.  We have also fabricated a self-aligned gated diamond edge triode from a 
silicon-on-insulator (SOI) substrate using similar fabrication techniques. Details of the field emission triode 
behavior will be presented in the paper. 
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Figure 1. (a) High magnification SEM of edge emitter fabricated using nitrogen-methane plasma. (b) High 
magnification SEM of edge emitter fabricated using hydrogen-methane plasma. (c) Energy Dispersion Spectrum of 
diamond grown using nitrogen-methane plasma. (d) Comparison of Raman spectra of deposited diamond. 
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Figure 2. (a) I-E plot comparing field emission characteristics of edge-emitters fabricated using nitrogen-methane 
plasma and hydrogen-methane plasma. (b) High emission current characteristics of edge-emitters fabricated using 
nitrogen-methane plasma.  
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Abstract 
In this work, vertically aligned carbon nanotubes (CNTs) were used to form a microcathode with a convex surface 
profile, being selectively synthesized from Microwave Plasma Chemical Vapor Deposition (MPCVD) with Ni or Co 
as catalysts. A single-mask micro-fabrication process achieved an array of 10 µm square CNT microtriodes with 
self-aligned gate. This convex profile is important in preventing cathode-gate leakage without resorting to more 
complicated fabrication processes or utilizing a gate over-etched approach. The dc characteristics of the CNT triode 
in a common emitter configuration were investigated, including dc parameters such as transconductance (gm), 
amplification factor (µ), and anode resistance (ra). The transconductance of a field emission triode establishes the 
current driving capability while the amplification factor determines the ultimate voltage gain of the amplifier. The 
triode device demonstrated good gate-controlled modulation of the emission current with distinct cutoff, linear and 
saturation regions of operation. A gate turn-on voltage as low as 25 V has been achieved. A large amplification 
factor of ~352 and transconductance of ~2 µS are obtained.  These transistor characteristics are substantially 
improved compared to our previously reported results [1]. 

INTRODUCTION 
Previously, we successfully fabricated a CNT triode with a gate turn-on voltage of ~40 V by thermal CVD [1].  
Since the CNTs grown were randomly oriented, an over-etched gate structure [1] was adopted in order to avoid 
cathode-gate leakage problems. As a result, the large cathode-gate spacing led to high gate turn-on voltage and 
triode characteristics of µ = 10 and gm = 47 nS when configured as an amplifier.  In order to overcome gate leakage 
which limits performance of the CNT triode, three approaches have been reported in literatures: (i) over-etched gate 
electrode or reduced gate overhang [1,2], (ii) sidewall protector [3,4], and (iii) post-growth processing which 
includes utilizing chemical mechanical polishing (CMP) technique [5], and plasma trimming of the grown CNTs [6].  
In this work, an alternative approach with gated convex CNT cathodes was applied to minimize the cathode-gate 
leakage problems. 

EXPERIMENTAL 
Vertically aligned convex CNT microcathodes were synthesized selectively inside a triode mold utilizing MPCVD 
method. A thin layer of Ni or Co and Ti was sputter-deposited as the growth catalyst and diffusion barrier, 
respectively. The surplus catalyst on the polysilicon gate was removed by photoresist lift-off technique. A hydrogen 
plasma pretreatment of the catalysts was performed. The CNTs synthesis was at 20 Torr, microwave power 1.0 kW 
and substrate temperature 650oC. Methane (CH4) diluted in hydrogen (H2) was the carbon source. The growth time 
of the CNTs was ~ 60 to 90s, critical to obtain the right height of the vertically aligned CNT cathodes. In device 
characterization, the CNT triode was tested in common emitter amplifier configuration for dc field emission 
characteristics. The measurements were performed at room temperature in a vacuum chamber evacuated to a base 
pressure of 10-6 Torr. Measurements of the anode emission current, Ia as a function of the anode voltages (Va) for 
different gate voltage (Vg) were collected.  

RESULTS AND DISCUSSIONS 
The single-mask micro-fabrication process achieved an array of 10 µm square CNT microtriode, as depicted in 
Figure 1.  Vertically aligned CNTs with diameters ranging from 20-30 nm were grown. The H2 plasma pretreatment 
of the sputtered catalysts was utilized to achieve gated CNT cathode with convex profile or shorter nanotubes on the 
edges, Figure 1.  This convex profile is important in preventing cathode-gate leakage without resorting to 
complicating fabrication processes such as sidewall protector or gate over-etching that result in higher turn-on 
voltage. The cathode-gate spacing was ~2.0 µm. Gate turn-on voltage as low as 25 V has been achieved and the 
emission current follows Fowler-Nordheim electron tunneling behavior, Figure 2. When tested in a common emitter 
configuration, the CNT triode device demonstrated good gate-controlled modulation of the emission current with 



 (a) 

distinct cutoff, linear and saturation regions of operation. A large dc gain or amplification factor of ~352 at Ia = 1.7 
µA, and transconductance of ~2 µS at Va = 400 V are obtained.  These transistor characteristics are substantially 
improved compared to our previously reported results [1], where randomly oriented CNTs were grown by thermal 
CVD inside an over-etched gate triode mold.  The improvement is attributed to the vertically aligned CNTs with 
convex profile, smaller cathode-gate gap and larger array size. 

CONCLUSION 
Vertically aligned CNT field emission triode fabricated with a single-mask process and catalyzed MPCVD, 
configured as an amplifier has demonstrated very good dc characteristics with high dc gain and transconductance at 
low operating voltages. The vertically aligned CNT triode with a convex profile performs better than the triode 
grown with thermal CVD method [1]. This CNT triode amplifier could be a candidate for high power, high gain and 
high frequency amplifier applications that requires radiation-hardness and temperature-immune capability. 
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Figure 1. SEM micrograph of the aligned CNT triode (a) oblique view, and (b) cross-sectional view.

Figure 2. (a) Plot of the measured anode currents, Ia vs. the gate voltage, Vg, and (b) Plot of Ia vs.  
the anode voltage, Va for different Vg of the CNT triode. 
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Figure 2.    High resolution TEM 
of a multiwall  CNT 
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Abstract 
The electron field emission (EFE) properties of carbon nanotubes (CNTs) grown on sulfur-doped nanocrystalline 
diamond (n-D:S) films were investigated. These two materials show excellent EFE properties separately. The CNTs 
and sulfur-doped nanocrystalline diamond films were synthesized in the same hot filament chemical vapor 
deposition (HFCVD) system at relatively low methane concentrations (1-2%). The effect of growth process 
parameters of  CNTs and sulfur incorporation in the nanocrystalline diamond films on the field emission properties 
were studied. Their morphology and structure were characterized by SEM, energy filtered TEM and Raman 
spectroscopy. The dependence of EFE properties on composition and morphology is discussed. 
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Figure 1.  Radial breathing mode of  multiwall CNTs 
measured by visible Raman Spectroscopy.                           
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Figure 3.  SEM images of CNTs grown by HFCVD:  upper left - edge view; upper right – side 
view; lower left – top view; lower right – zooming.  
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Abstract 

Amorphous diamond represents a class of material of its own.  It may be viewed to be a 
composite of metal (graphite) and insulator (diamond), but together they form a unique passage 
for electrons to flow through and to emit in vacuum.  Amorphous diamond contains much 
defect so its electrical resistance is intermediate between metal and semiconductor.  However, 
its ability to emit electrons in vacuum as cold cathode outstrips almost any class of materials.  
The easiness for electrons to flow through amorphous diamond and fly toward an anode across 
vacuum makes it an ideal material for electrical generator.  In fact, the electricity generation can 
be so easy that amorphous diamond may become the most efficient solar cell ever invented.  
Moreover, by reversing the role of electricity generation, an amorphous diamond film may 
become an electron radiator.  Such a radiator may dissipate heat much faster than the most 
advanced heat spreader (e.g., diamond substrate or heat pipe) currently being investigated. 

Recent experimental results has confirmed that the current of electron emission in vacuum 
has increased two orders of magnitude when amorphous diamond is heated to 300 oC.  Such a 
dramatic increase of current indicates that thermal energy can indeed shake off electrons in 
carbon atoms and accelerate them toward an anode across a vacuum.  This phenomenon is 
consistent with the proposal that amorphous diamond can indeed be made of solar cells and/or 
heat spreaders. 



Competition of Field Emission from CNT Films  
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Carbon Nanotube (CNT) based field electron emitters are attractive for numerous applications, 
but there are a lot of methods to produce such emitting coatings, and a question is still open, 
which one is better. Here we study the field electron emission properties of CNT films produced 
by different techniques on Si, metal and glass substrates: (i) electrophoretic deposition of single-
wall and multiwall CNT onto conducting substrates from alcohol suspensions, (ii) catalytic 
pyrolysis of multiwall CNT, (iii) formation of CNT films on metal substrates by gas-static 
pressing, (iv) explosive implantation of CNT into metal layers, (v) shock-wave compacting of 
various powder materials with CNT, etc. In addition we study carbon nanoparticle-based emitters 
produced by electrochemical codeposition of metals with nanodiamond powders or chemical 
vapor deposited carbon ‘needle-shaped’ nanostructures using a dc arc plasma activation of triple 
(methane-argon-nitrogen) gas mixtures. 

The film microstructure was studied using AFM, SEM, Raman spectroscopy, X-ray 
Photoelectron Spectroscopy, Auger Electron Spectroscopy, and EELS to find correlations 
between the field emission and other film properties. The field electron emission was studied 
using both a macroscopic phosphor screen setup and a microprobe setup with tungsten probes of 
10 µm in radius. Emission I-V dependences as well as emission sites distribution were measured 
and then analyzed depending on preparation conditions. 

It was found that the CNT films produced at certain conditions emit better than other CNT films, 
and show better emission threshold field (1 V/µm and even lower), higher density of emission 
sites, and higher working limit of the emission current. Whereas in some cases of the CNT film 
preparation the emission is not good enough. A comparison is made with chemical vapor 
deposited carbon ‘needle-shaped’ nanostructures, which also show good emission properties. 
Possible field emission mechanisms are considered. 

The work was supported by the ISTC Project #1400. 
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Abstract 
 

The electronic structure with Milliken occupation of a series of diamond clusters with hydrogen-terminated 
surface has been calculated by means of density functional theory (DFT). From the obtained results it is found that 
the Fermi-level (EF) of clusters lowers with the clusters-size increasing. Combining this finding with the localization 
character of states in the noncrystalline surface layer, we may conclude that (1) every crystalline particle is 
composed geometrically of two phases, one is of the surface noncrystalline layer in which the EF is lower than that 
of the whole cluster and the electrons are trapped in localized states; another phase is the interior crystal in which the 
electron is quasi-free in delocalized states similar to that in bulk metal; (2) existence of the layer with trapped-
electron at surface and free-hole-accumulation inside and near surface is the origin of surface conductivity in 
diamond and various impurities as well as defects at surface play the role of changing the electron distribution in the 
surface region, namely, they do not originally affect the surface conductivity. 
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Abstract 
Diamond has been proved as a stable material and can be functionalized with DNA and other bio-molecules via 
covalent bond, which is stable for long time, relative harsh treatment and high temperature. Recent studies have 
shown that diamond thin films can be used for the fabrication of biologically-sensitive field-effect transistors (Bio-
FETs), in which the change in charge distribution associated with bio-molecular binding at a diamond surface 
induces a change in the diamond sub-surface depletion region.  This type of direct Bio-FET sensing is important 
because it can be easily scaled down in size, leading to potential improvements in sensitivity and the creation of 
arrays of bio-FETs. 

While fabrication of millimeter-sized FET’s can be accomplished using simple procedures, to achieve highest 
sensitivity, built-in controls, and develop high-density arrays, it is necessary to use more advanced processing 
methods.  It is particularly important to protect the electrical contacts from exposure to the physiological fluids.  We 
have used used lithographic processing methods to create small diamond FETs with channel lengths of 10 microns 
and have investigated how the electrical response is affected by the surface functionalization. We have compared 5 
different types of surfaces, including H-terminated diamond, and diamond functionalized with molecular layers of 
Dodecene, TFAAD ( chemically protected amine), deprotected TFAAD, and surfaces covalently linked to DNA.  By 
characterizing the electrical response of diamond FET’s modified with these different molecular layers, we gain 
insight into how to optimize the response for detection of chemical and biological molecules.  Using this 
understanding, we have constructed diamond Bio-FET’s functionalized with DNA and have investigated their 
electrical response.  Our results demonstrate the ability to detect DNA hybridization and to distinguish between 
complementary vs. non-complementary sequences using a micron-scale diamond bio-FET. 
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Abstract 
Diamond and diamond films have many properties which make them attractive substrates for developing 
technologies in fields such as biotechnology, biological and chemical sensing, and molecular electronics.  Previous 
work has shown that hydrogen-terminated nanocrystalline diamond films can be covalently modified with molecules 
bearing a terminal vinyl (C=C) group by way of a photochemical process under 254 nm light.[1] While this method 
has been shown to produce stable monolayer films, the reaction mechanism and film structure have not been 
previously investigated.  The mechanism is particularly intriguing because it proceeds using sub-bandgap excitation 
energy.  Here, we report an investigation of the structure and mechanism of the photochemical modification of 
diamond with functionalized terminal alkenes.  

X-ray photoelectron spectroscopy experiments were performed on nanocrystalline diamond films and on single-
crystal diamond samples.  A comparison of the rates of photochemical modification of single crystal diamond (111) 
and nanocrystalline diamond films shows no significant difference in reactivity, demonstrating that the modification 
process is not controlled by grain-boundaries or other defects associated with the polycrystalline films.  By using a 
molecule with a fluorine “tag” at one end, we can establish the degree to which the molecules are oriented on the 
surface using angle-resolved XPS measurements.  These measurements show that the fluorine tag is at the exposed 
(vacuum) interface, thereby ruling out the possibility of polymerization onto the surface and establishing that the 
molecules bind to the surface via the olefin group.  

To understand the mechanism of photochemical modification, we have conducted a number of experiments aimed at 
identifying how photoexcitation of the bulk diamond induces the surface chemical modification. Previous work has 
shown that hydrogen-terminated single crystal diamond exhibits negative electron affinity,[2-4] and we find that our 
nanocrystalline diamond samples also exhibit negative electron affinity. These results suggest that direct 
photoejection of electrons into the organic fluid may be responsible for the photochemical modification. Previous 
studies have shown that 254 nm light is sufficient to eject electrons from diamond surfaces into vacuum.[5]  Since 
electrons are stabilized by a polarizable medium, it should also be possible to directly eject electrons from diamond 
into an organic liquid film.  Such photoejection would alter the diamond electronic structure and would produce ions 
in the organic liquid.  Since ions are often highly reactive, we propose that direct photoejection of electrons from 
diamond into the liquid induces the overall photochemical reaction. Using gas chromatography-mass spectrometry 
(GC-MS), we have analyzed the changes in chemical composition of 1-dodecene and trifluoroacetamide-protected 
10-aminodec-1-ene after illumination with 254 nm light in contact with diamond.  Our results show the formation of 
new chemical products in solution that are only formed when the diamond film is present, indicating that optical 
absorption within the diamond is necessary for the changes in solution chemical composition.  The identity of these 
species and their use in the interpretation of the reaction mechanism will be discussed. 
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Abstract 

We present our progress in the development of an in vitro method to measure neurotransmitter release and 
electrical signals from neural cells by patterning the cells directly onto an array of diamond electrodes and by 
controlling the growth of neural processes in culture. The experimental model allows quantification of 
electrochemical communication between neural cells, and provides a more predictable system for the study of 
electrochemical communication between neurons than in vivo animal models or studies using brain slices. Using 
various microfabrication techniques, it is possible to achieve small feature sizes enabling observations at the cellular 
level. Detection with extracellular electrodes provides a non-invasive method to detect chemical and electrical 
signals from cells.  

Cell patterning techniques provide a convenient method to control the growth of cells and for strategic 
placement of neurons in culture over an electrode surface to facilitate neurotransmitter detection. Self-Assembled 
Monolayers (SAMs) of alkanethiolates on gold substrates produced via microfabrication techniques have been used 
to provide a pattern of adhesive and nonadhesive regions which may be used to control cell growth over a substrate. 
Application of various patterns of adhesion proteins over a substrate can be achieved using microfluidic techniques 
or elastomer stamps. Preferential cell adhesion to these proteins can be used to create patterns of cells, and to control 
axon and neural process growth. [1,2] The terminal functional groups of the diamond thin film determine 
hydrophobicity properties and possibly cell adhesion properties; this may provide a possible avenue for cell 
patterning as well. Neural cells have been previously patterned over electrode arrays in order to detect electrical 
signals produced by these cells, e.g., patterns over gold electrode contacts and commercially available 
microelectrode arrays. [3,4] Thus far, the technique of cell patterning to control neural process growth has not been 
applied to study the spatiotemporal dynamics of the release of particular neurotransmitters at the synapse between 
two neurons.  

Diamond has gained interest as an electrode material for neurological measurements. Boron-doped 
diamond electrodes have been shown to have a wide potential window and low baseline current in aqueous solutions 
and provide long-term chemical stability. [5] Diamond electrodes potentially provide an improved sensor material 
for in vivo detection of neurotransmitters. Carbon-fiber electrodes are used widely in neurochemical sensing 
research, however they do not display the same long-term stability as thin film diamond electrodes; the surface 
becomes passivated.  Protein adsorption onto the surface of carbon-fiber electrodes also decreases their functionality 
over time. One possible solution to this problem is to coat the electrode surface with a porous conducting layer such 
as Nafion, but this can limit the sensor response time.  

Diamond has a simpler surface chemistry than carbon fibers, possibly enabling homogenous, surface 
functionalization. Diamond’s surface termination can thus be more predictably modified to manipulate the 
electrochemical properties.  The diamond surface may also discourage the adsorption of proteins, which is desired 
for continuous detection of biomolecules in aqueous solution. [6,7] 

As the first steps to develop this diamond device to probe neural cell activity, we are developing techniques 
for diamond and protein patterning, as well as studying interactions of cells with these surfaces.  To fabricate 
diamond electrode patterns, we used CVD differential growth of diamond onto a resistive silicon substrate.  Prior to 
growth, microfluidic techniques distributed diamond seed nanoparticles into a precise pattern (minimum width of 
pattern ~ 200 µm, smaller microfluidic feature sizes down to ~20µm may be fabricated using current method). Initial 
results show that seeded regions developed nearly complete films and had smaller crystals than regions where seed 
particles were not deposited. Areas where no nanoparticles were applied showed incomplete film formation. The 
pattern of diamond film formation can be seen in Figure 1. Similarly, the conductance of the more complete 
diamond film in the pre-seeded regions was significantly higher than in non-seeded areas. (~55 µSiemens vs. ~2.0 



µSiemens). We are currently varying the deposition time, concentration of seed particles, and the geometry of the 
microfluidic patterns to optimize this process. 

 Preliminary studies with a cancer cell line on a diamond thin film over a silicon substrate show that 
eukaryotic cells adhere to a diamond thin film and undergo cell division. The cells were also cultured on the 
diamond film pattern. The cells adhere preferentially to the more complete areas of film growth (i.e., pre-seeded 
regions).  

 Coupled with our diamond patterning is development of protein patterns.  In general, a culture of cells may 
be induced to grow in specific geometries by differential application of adhesion proteins to a substrate. [8] We are 
currently applying a pattern of the cellular adhesion protein, fibronectin, to the substrate using microfluidic 
techniques. The protein pattern is visualized by fluorescently labeling the fibronectin through a standard 
biotinylation process and reaction with fluorescently conjugated streptavidin. Time-lapse microscopy is then used to 
determine the differential time for adhesion of the cells to the protein pattern and the unpatterned substrate. 

 In the future, we will integrate our patterning techniques, to pattern cells from a human neuronal cell line 
over the diamond thin film electrode array such that release of neurotransmitters from specific groups of neural cells 
may be detected at an electrode surface. 

No nanoparticles applied Nanoparticles 
applied 

No nanoparticles applied 
Edge effect

 
Figure 1.  Diamond seed particles were applied to a resistive silicon substrate using microfluidic techniques. Areas 
where diamond seed nanoparticles were applied (these areas appear darker) showed nearly complete film formation 
and had a smaller crystal size than where seed particles were not deposited. Areas where no nanoparticles were 
applied showed incomplete film formation and had a larger crystal size than. The conductance of the areas where 
seed particle were applied was significantly higher than where seed particles were not applied. (~55 µSiemens vs. 
~2.0 µSiemens). Image on left, scale bar = 500 µm, on right, scale bar = 50 µm. 
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Abstract 
Applications of Ultrananocrystalline (UNCD) and Nanocrystalline (NC) diamond films have been a common, recent 
topic of many investigations. The exceptional properties of these films, such as high hardness and chemical inertness 
combined with their small crystal size and smoothness and excellent mechanical properties such as high Young’s 
modulus, fracture toughness and low coefficient of friction, have suggested application as a protective, hard coating 
material, a material/substrate for micromechanical systems, a SAW device substrate [1], a robust conducting coating 
for electrochemical electrodes, and as a freestanding film for vacuum windows or ion beam stripping foils. The 
commercial success of each of these applications requires the development of repeatable, CVD diamond thin film 
synthesis processes that are able to deposit these films on a variety of substrates. Additionally, uniform, large area, 
stress free, thick and thin film deposition is desirable.  In this paper we report on the development of process 
methods and apparatus that enable the uniform and smooth deposition of both thin and thick (> 50 microns) UNCD. 

UNCD films are synthesized by microwave plasma-assisted CVD using Ar/H2/CH4 (i.e. see Zhou et. al. [2]) and 
He/H2/CH4 input gas mixtures. The microwave plasma reactor system consists of a variable power, 6KW, and 2.45 
GHz power supply, connected to a tunable, cylindrical cavity applicator in which the microwave discharge is 
confined inside a 12cm diameter cylindrical quartz dome located at the fixed end plate of the applicator [3]. The 
substrate, typically a three inch diameter silicon wafer, is placed on a stage that is adjusted to place the substrate in 
direct contact with the microwave discharge. The discharge assumes an intense, hemispherical shape hovering over 
and in direct contact with the substrate. During each deposition experiment the cavity is tuned and the plasma is 
adjusted for uniform species and temperature conditions across the substrate. Deposition experiments employ either 
a thermally floating substrate operation [4] or if desirable the substrate can also be cooled in order to vary the 
substrate temperature between 550- 850 C. A wide range of experimental conditions, i.e. pressures from 50-250Torr, 
input powers between 600-2,000 W, variable gas mixtures and flow rates, substrate placement, etc., were explored 
to identify the optimal conditions that enable the  repeatable deposition of uniform, and smooth UNCD films over 
three inches.  

The experimental behavior will be presented. In particular UNCD synthesis, i.e. growth rate, film uniformity and 
smoothness, are described versus the variables of input power (600-1500W), pressure (80-220 Torr), and input gas 
chemistry, i.e. H2 (1-8%) and CH4 (1-3%). Our experiments have demonstrated that in order to routinely synthesize 
high quality, smooth and uniform UNCD films the deposition process must be performed in a high purity 
environment. A large useful UNCD experimental deposition window (80-220Torr, 600-1500W, H2 1-3%, CH4 1-
2%) was identified. Using 0-1% H2, i.e. hydrogen deficient conditions, discharges were sustained in contact with the 
three inch substrates over a 60-200 Torr pressure regime. High quality film deposition was extended to 240 Torr 
when H2 concentrations were increased to 1-3%. At a given pressure uniform deposition was achieved by optimizing 
substrate holder geometry, substrate position, microwave power, and gas chemistry. Film crystal sizes ranged from 
3-30nm and film roughness from 11-50 nm and average film thickness over the substrate, which depends on the 
deposition time, ranged from a few hundred nanometers to over 50 microns. With an additional, modest post 
deposition mechanical polishing, a surface roughness of 3nm was obtained. Film uniformities of greater than 96% 
were achieved over three inch silicon wafers. Growth rate increased with increasing pressure, and hydrogen 
concentration. At pressures of 220 Torr and with CH4 of 1% and H2 of approximately 3% the average linear growth 
rate over the three inches wafer was approximately 1 micron per hour. 



REFERENCES 
1.  B. Bi, et al., “Surface acoustic waves in nanocrystalline diamond,” Diamond and Related Materials, 11, 677-708, 

(2002). 

2. D. Zhou, et al., “Control of diamond Film microstructure by Ar additions to CH4/H2 microwave plasmas,” J. 
Appl. Phys., 84, 1981- 1989, (1998). 

3. K. P. Kuo and J. Asmussen, “An experimental study of high pressure synthesis of diamond films using a 
microwave cavity plasma reactor,” Diamond and Related Materials, 6, 1097-1105, (1997). 

4. T.A. Grotjohn and J. Asmussen, “ Microwave plasma-assisted Diamond Film Deposition,” Diamond Films 
Handbook, Chapter 7,  pp. 211-302, edited by J. Asmussen and D. K. Reinhard, Marcel Dekker, New York, 
(2002). 



DEPOSITION OF (U)NCD FILMS USING HOT-FILAMENT CVD 
Paul W. May 

School of Chemistry, University of Bristol, Bristol BS8 1TS, U.K. 

 

Keywords: nanocrystalline diamond, hot filament CVD, Ar/CH4/H2 gas mixtures. 
Abstract 

Ar/CH4/H2 gas mixtures have been used in an attempt to deposit nanocrystalline and 
ultrananocrystalline diamond films using hot filament CVD.  It was found that the standard gas 
mixtures of ~1%H2 in 1%CH4/Ar that are used successfully to grow UNCD films in microwave 
plasmas produce no film growth in a HF system.  This is due to the carbon content of the gas 
being adsorbed onto the filament producing a thick graphitic covering, which rapidly reduces the 
efficiency of the filament inhibiting film growth.  Increasing the H2 content in the gas mixture 
improves the situation, but NCD was grown successfully only for H2 concentrations above 40%, 
which more closely resemble the gas mixtures used for conventional microcrystalline CVD.  
These results will be discussed in terms of the implications for growth mechanisms of (U)NCD. 

 



ENHANCED NUCLEATION OF ULTRANANOCRYSTALLINE DIAMOND 
(UNCD) USING TUNGSTEN (W) FILMS  

Nevin Naguib, Jian Wang, Orlando Auciello and John A. Carlisle  

Materials Science Division, Argonne National Laboratory 

9700 S. Cass Ave, Argonne, IL 60439 

Jeff Elam  

Energy System Division, Argonne National Laboratory 

9700 S. Cass Ave, Argonne, IL 60439 

James Birrell 

Advanced Diamond Technologies 

60 Hazelwood Drive, Suite 226, Champaign, IL 61820 

Keywords: Ultrananocrystalline Diamond (UNCD), Tungsten (W), Nucleation and Roughness. 

Abstract 
The initial nucleation density is critical in determining both the microstructure and the properties of 

Ultrananocrystalline Diamond (UNCD) films. Unlike hydrogen grown diamond thin films, the UNCD growth 
process results in a high re-nucleation rate, and thus the overall grain size is not limited by the initial nucleation 
density. Thus, controlling the nucleation density is critical in determining the quality of UNCD thin films, especially 
for facilitating the growth of low-temperature UNCD thin films and maximizing the mechanical and tribological 
properties of UNCD for potential MEMS applications.  

Many techniques have been used to enhance the nucleation of diamond thin films. Unfortunately, most 
nucleation enhancement techniques have drawbacks. For instance, the “Rotter nucleation technique”1 requires high 
temperatures while the bias2 and chemical methods 3 have not been widely standardized into a common nucleation 
enhancement techniques.  

UNCD is commonly grown on refractory metal substrates in order to integrate the growth of UNCD with a 
standardized process for generating a high initial nucleation density, while being compatible with low temperature 
growth of UNCD. In this study, we apply thin tungsten (W) films onto silicon surfaces prior to ultrasonic seeding. 
The thickness of the W layers varies from 36 Å to 100 Å. The influence of W on the subsequent UNCD nucleation 
and growth is examined. We have found that the initial UNCD nucleation density is enhanced considerably using W 
films from 1011 to ≥1012 sites/cm2. Furthermore, by using W films, the initial UNCD growth rate is increased (less 
time is needed to grow a uniform UNCD film), while the surface roughness and interfacial void density are 
decreased. 

In addition to using conventional RF sputtering techniques to deposit the W films, we also employ atomic 
layer deposition (ALD).  ALD offers the flexibility for depositing W films on complex, nonplanar surfaces while 
maintaining monolayer thickness control. Scanning Electron Microscopy (SEM) results show considerable 
enhancement in nucleation density using both RF sputtered and ALD W on planar substrates as shown in Figure 1. 
The surface roughness of UNCD films grown on W films using the above two techniques will be compared using 
Atomic Force Microscopy (AFM).  

This work was supported by the DOE-Office of science-Materials Science under Contract No. W-31-109-ENG-38. 



 

(a)  200 nm (b)  200 nm 

 

Figure 1: SEM images of UNCD films (grown at the same time under identical seeding conditions); (a) without 
W film added and (b) with W film (100Å thickness). The nucleation density has been dramatically increased by 

using the W film. 
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Abstract 
Diamond and related materials have many potential applications due to their marvelous physical and chemical 
properties. However, most of the applications require smooth surface. The difficulty in polishing the diamond films 
frequently hinders the development of device applications. Moreover, the applications such as surface acoustic wave 
(SAW) devices require relatively thick diamonds films, which call for a high growth rate process. In this study, 
ultrananocrystalline diamond (UNCD) films, which possess very smooth surface, were synthesized using CH4/Ar 
plasma. The Si-substrate was pre-nucleated using bias enhanced nucleation (BEN) technique under CH4/H2 plasma, 
so that the growth of UNCD films can be markedly enhanced. The UNCD films were grown in a 2.45 GHz 
microwave plasma enhanced chemical vapor deposition (MPECVD) system. The growth rate of these UNCD films 
were observed to be correlated intimately with the deposition conditions, such as substrate temperature, microwave 
power, total pressure, CH4 ratio. The nucleation process was carried out under methane and hydrogen (CH4/H2) 
plasma with negative DC bias voltage. No pretreatment on substrate was required prior to the formation of diamond 
nuclei. The growth kinetics of BEN induced nuclei was monitored by the evolution of the bias current to ensure the 
full coverage of diamond nuclei on the Si-substrate. The average grain size of BEN induced diamond nuclei is about 
30 nm (Fig. 1), with the nucleation site density more than 1011 sites/cm2. The thickness of BEN induced diamond 
nuclei layer was about 250 nm. The growth rate of UNCD is markedly enhanced due to the application of BEN 
induced nuclei. Moreover, the growth rate of UNCD films was more significantly affected by the substrate 
temperature, but was less influenced by the microwave power. All of these UNCD films showed similar morphology, 
i.e., with grain size less than 10 nm and surface roughness around 20 nm (Fig. 2). They also possess the same 
Raman spectra, i.e., the same crystallinity. However, the deposition rate can be increased from about 0.2 µm/hr to 
1.0 µm/hr when substrate temperature increased from 4000C 600oC. How the characteristics of these UNCD 
correlated with their electron field emission properties will be discussed. 

 

 

Figure 1. SEM surface morphology of BEN nanodiamond with the inset showing the cross-section. 
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Figure 2. SEM surface morphology of UNCD grown under 600oC, 3 hr with the inset showing the cross-section. 
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Abstract 
Nanocrystalline diamond films (including materials referred to as tetrahedrally-bonded carbon films, ultra-
nanocrystalline diamond films, and nanostructured diamond films) are highly strained materials that show a strong 
tendency to delaminate at relatively small thickness values around 5 microns. This situation often precludes from 
taking advantage of the many extreme properties of diamond that make it suitable for protective and tribological 
coatings (i.e. extreme hardness, radiation hardness, chemical inertness). We have employed bias-enhanced 
nucleation (BEN) performed in a microwave-plasma chemical vapor deposition (MWCVD) system to implant seed 
nanostructures in the substrate that favor the formation of strongly adherent layer at the substrate-film interface. 
Nanocrystalline diamond films are deposited on the BEN substrates using a hot-filament chemical vapor deposition 
(HFCVD) system in the continuous secondary nucleation mode that results in the deposition of nanocrystalline 
diamond. The observed changes in the films’ structure (Fig. 1) indicates the controlling role that seeding has on film 
evolution. Although the films remain highly strained at the nanoscale, as evidenced from the Raman spectra (Fig. 2), 
they can be grown to large thickness values without compromising the substrate adhesion. Thermal shock tests 
evidenced the ability of these films to differentially expand and contract while remaining firmly attached to the 
substrate. These results are discussed in terms of the formation of a thin strong disordered carbide buffer layer at the 
substrate-film interface capable to adjust and accommodate dynamically any lattice mismatch. The formation of this 
thin carbide layer is strongly enhanced by the application of BEN to the substrates.  

 

 

 

 

 

 

 

 

 

 
 

 
Figure 1. Substrate seeded using BEN in MWCVD (left) showing pyramidal growth habit,  

and diamond film grown by HFCVD on top (left) showing square growth habit. 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Microcrystalline Diamond (sp3 C) and Graphitic Carbon (sp2 C)  
Raman features of the MWCVD BEN seeds subsequent HFCVD film 
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Abstract 
Diamond whiskers were fabricated by means of radio frequency plasma etching. Metal particles were coated onto 
diamond films to serve as micro-masks before etching. Etching processing was performed using O2/Ar plasmas, with 
an emphasis to elucidate the effects of reacting gas on the fabrication of diamond whiskers. The results showed that 
the densities and the distributions of diamond whiskers depended on the volumetric ratio of O2 to Ar. Raman 
spectroscopy was carried out in order to determine the bonding structures of the whiskers. It has been found that the 
whiskers were still diamond after etching. X-ray photoelectron spectroscopy was carried out to investigate the 
components of diamond surface after etching. Field emission characteristics of the whiskers were also inspected. 

I. INTRODUCTION 
Diamond films are attractive to applications in cathode electron field emission devices [1]. It was reported that the 
electron field emission would be enhanced at the micro-tips of diamond [2]. Among the various approaches for 
fabrication of sharper field emission tips, reactive ion etching (RIE) in radio frequency (RF) plasmas is considered as 
an efficient method to sharpen diamond micro-rods [3]. In this paper, a novel method for fabrication of whiskers in 
O2/Ar plasmas was reported. A comparison of the morphologies of diamond surfaces before and after etchings 
demonstrated that the properties of whiskers were dependent on the reacting gas, respectively. 

2. EXPERIMENT DETAILS 
Polycrystalline diamond films were deposited onto Si substrates using a microwave plasma chemical vapor 

deposition (PCVD) reactor system ASTeX (AX-6350). The deposition process was carried out under pressure of 124 
torr, microwave power of 5 kW, and flow rates of 25 and 475 sccm for CH4 and H2, respectively. During the 
deposition, the substrate temperature was kept at 900-950 ℃, monitored by a spot thermometer. The diamond films 
were coated using metal particles after growing to 3 µm in thickness. The etching process was performed for 60 min 
in a self-assembled RF plasma reactor with frequency of 13.56 MHz. The chamber pressure was maintained at 22 Pa. 
Reacting gases were introduced through a mass flow controller. The RF power was 100 W, corresponding to a DC 
self-bias voltage of -510 V. In this study, the gas compositions examined were O2 (10 sccm)/Ar (90 sccm), O2 (20 
sccm)/Ar (35 sccm), O2 (100 sccm), and Ar (100 sccm).  

3. RESULTS AND DISCUSSION 
Figure 1 presented the SEM images of the diamond surfaces after etching. Whiskers were found on the surfaces 

of the samples. An interesting phenomenon was that the distribution of whiskers was not random. For etching in 
O2/Ar plasma with 10% O2 (vol/vol), whiskers with 150 nm diameter and 200 nm height formed only at the grain 
boundaries, suggesting that the whiskers might form preferentially at the grain boundaries between diamond crystals 
[4]. However, with increasing O2 concentration (O2: 36%), the whiskers extended gradually into the diamond grains. 
It could be noticed that the height of the whiskers remarkably increased to 900 nm. When the O2 ratio approached to 
100%, the whiskers had the highest density (40/µm-2). The average diameter of the whiskers reduced to 100 nm with 
a height of 1 µm. In inert gas Ar (100 sccm), whiskers could not be formed on the surfaces after etching.  

In general, there were two processes during the RF plasma etching [5]. Inert gas plasma only caused physical 
bombardment etching which could explain why whiskers could not be obtained in pure Ar. However, the etching 
process was different in Ar and O2 mixture plasmas. Whiskers obtained in the latter could be ascribed to the 
processes of ion-enhanced chemical etching and physical bombardment etching. O2 would dissociate into O radicals 
accompanied by the formation of volatile products of CO and CO2, while Ar would contribute to bombarding the 
diamond surfaces. [6,7]. 



All of above suggested that the density and height of whiskers increased with increasing flow ratio of O2 to Ar. It 
is conceivable that the formation of whiskers could be controlled by changing the concentration of O2 in the reacting 
gas. 

The metal masks were also critical to the erosion of diamond films. In this experiment,Al was masked on the 
diamond surfaces before etching, it would react with O2 to form Al2O3 islands on the tops of the whiskers, inhibiting 
the etching underneath [8,9]. Thus, the distribution of whiskers might be controlled by masking metals on the 
diamond surfaces. The remains of metal particles on the tops of whiskers were examined by XPS. 

In order to determine the structures of whiskers, Raman spectroscopy was performed for samples before and after 
etchings. In Fig.2, the Raman spectrum showed a diamond (sp3 bonding) peak at 1331 cm-1 along with a low broad 
non-diamond (sp2 bonding) peak at 1580 cm-1. The presence of a weak graphite peak might be attributed to a small 
amount of local transformation from sp3 to sp2. Most of the bonding structures were kept on sp3 diamond structures 
during etching process. Therefore, we could conclude that the whiskers were still diamond after etching. 

Samples after etching were treated in hydrogen plasma for 8 min before field emission measurement. A turn-on 
field of 10 V/µm was obtained for the whiskers etched in pure O2 plasma.  

4. CONCLUSION 
Reactive ion etching in RF plasmas is an effective method to obtain diamond whiskers. The densities and the 

distributions of whiskers could be controlled by adjusting the volumetric ratio of O2 to Ar and by means of 
appropriate metal masks. There were few changes in the bonding structures of the whiskers, and the diamond 
structures remained unchanged after etching. The turn-on field of the whiskers was as low as 10 V/µm. Therefore, it 
is possible to use whiskers to cathode emission devices.  
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Fig.1. SEM images of diamond whiskers obtained 
from etching in O2 (100 sccm). 
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Fig.2. Raman spectra for the diamond film and the 
whiskers (Al coated, O2 100 sccm, etched 60 min). 
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Abstract 
Nanostructural diamond particles were obtained by hot filament CVD methods from vapor of liquid carbon sources 
and hydrogen-rich atmosphere on Si and Al2O3 ceramics substrates with different reaction times. During the 
studying the relation of gases and total pressure was changed.  SEM and Raman spectrum demonstrated the diamond 
nature of obtained “cauliflower-like” particles. 

NUCLEATION AND GROWTH, EXPERIMENTAL 
In this work it is reported about nanostructural diamond deposition by hot filament chemical-vapor deposition 
method. The vapor of liquid acetone, butyl alcohol and ethanol were used as carbon sources. Nanostructural 
diamond was deposited on substrates of silicon and Al2O3 ceramics. Technological parameters of deposition are 
presented in Table 1. The influence of liquid carbon sources, substrates, reaction times, pressure ratios of hydrogen  
and vapor of carbon source, and total pressure on the results of deposition was studied in this work.  

Table 1. Technological conditions nanodiamond deposition. 

Substrate type Al2O3 Si Si Si Si Si Si 

Distance filament-substrate, mm 2 2.5 2.5 2.5 2.5 2.5 2.5 

Reaction time, min 30 7; 10 10 15 7 7 5; 7; 10; 30 

Filament temperature, 0C 2300 2300 2300 2300 2300 2300 2300 

Substrate temperature, 0C 700 780 780 780 780 780 780 

Hydrogen pressure, Torr 294 595 597 600 472 531 590 

Acetone pressure, Torr 6 - - - 8 9 10 

Butyl alcohol pressure, Torr - 5 3 - - - - 

Ethanol pressure, Torr - - - 10 - - - 

Total pressure, Torr 300 600 600 610 480 540 600 

  

The diamond particles were characterized with field-emission scanning electron microscopy (SEM) and micro-
Raman spectroscopy. The results of some samples are presented on the figure 1, and figure 2. Raman spectrum 
exhibits a first-order diamond peak centered at 1330-1332 cm-1. For all samples it was observed the wide signals in 
the range at 1400-1600 cm-1 that certify graphite presence during the deposition process. SEM images of obtained 
diamond particles are similar the results reported in work [1, 2, 3] and by the same way can be characterized as 
“Cauliflower-like”. Our cauliflower-like diamond particles were deposited for both substrate types and from all 
carbon liquid sources. From SEM it is seen that size of diamond particles formed cauliflower particles varies from 
70 nm to 1.4 µm for process running 30 min. But during experiment it was found that reaction time has the big 
influence on the size of grown particles even for our case when the longest deposition time makes up only 30 min. It 
means that size of diamond particles deposited under shorter time was smaller and we observe the nanodiamond 
with size of 30-50 nm. We don’t observe the dependence of shape of cauliflower-like particles from type of carbon 
liquid source.  

The dependence of nanostructural diamond particle size on total pressure indicates that decreasing of total pressure 
leads to reduction of cauliflower-like diamond size and consequently to decreasing of size of particle formed it. It is 
difficult also to make a clear conclusion about influence of pressure relation between hydrogen and vapor of liquid 
carbon source, because their variation was not in wide area. One from the most interesting result obtained in this 
investigation is that nanostructural diamond was deposited in hydrogen-rich atmosphere without argon whose huge 
role was reported in many reports [1,4,5].  



Thus it was found on present research that technological conditions allowed depositing nanostructural diamond from 
liquid carbon sources of different types on Si and Al2O3 substrates in hydrogen-rich atmosphere without Ar. This is 
a new result enhanced our knowledge about posibility of nanomaterial synthesis. 

 
Figure1. SEM image of nanostructural diamond deposited on Al2O3 substrate for 30 min from acetone. 
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Figure 2. SEM and Raman for nanostructural diamond deposited on Si substrate for 10 min from acetone. 
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Abstract 
Novel nanocarbons were synthesized from well-defined phase-separated polyacrylonitrile-poly(n-butyl acrylate) 
(PAN-b-PBA) diblock copolymers by pyrolysis, during which PAN domains were converted into carbon with 
concomitant decomposition of the PBA phase. The nanostructure of most of these materials resembled the 
morphology of their block copolymer precursors. Therefore, this new pathway allows for a control over nanocarbon 
architecture through a simple manipulation of block copolymer structure, including its composition and molecular 
weight.  A variety of nanoscale morphologies, such as carbon (hemi)spheres, cylinders and lamellae were prepared 
using this route. Remarkably, this pathway opens an excellent chance to prepare thin or thick-film based carbons, 
which are usually difficult to be obtained by other methods, including the use of silica templates. The block 
copolymer precursors and corresponding nanostructured carbons were characterized by a variety of techniques, 
including atomic force microscopy, differential scanning calorimetry, thermogravimetry, transmission electron 
microscopy (TEM), X-ray diffraction, and Raman spectroscopy. Thermal behavior of PAN and PBA segments was 
thoroughly investigated and clarified. The carbons derived from PAN-b-PBA copolymers exhibit a certain degree of 
stacking of graphene sheets into semi-graphitic domains, but the degree of perfection of these structures is low. 
Further studies indicate that these carbon materials display nanoporosity in both bulk and film states, as determined 
by TEM and nitrogen adsorption. Our study of these materials is one of the earliest reports on the preparation of 
nanoporous carbons from block copolymers and our approach appears to be very convenient and attractive in 
applications requiring well-defined nanostructured carbon films. 
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ABSTRACT 

In this presentation, various growth aspects of aligned CNT using MPECVD are presented. Carbon nanotubes 

were grown in the same MPECVD system using hydrogen-methane-nitrogen gas reactants on a few nanometers 

thick metal catalyst layer on silicon substrates and characterized by Raman spectroscopy, high resolution 

scanning and transmission electron microscopy. Field emission investigation in terms of turn-on voltage, 

threshold voltage, and field enhancement factor will be presented and compared to the previously reported 

results. A low turn-on voltage and threshold voltage is desired for devices which can be employed for display 

and x-ray emission devices. Studies leading to emission stability, tip longevity, and triple junctions to boost 

emission will also be reported. A preliminary design of low power x-ray generation source will be presented. 

Many growth parameters are studied such as substrate temperature, microwave power, gas-pressure and 

different gas-ratios on the structural properties of both the materials. A correlation between the processing 

parameter and observed characteristics will be presented. 
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Abstract 
Carbon materials such as diamond, graphite, and amorphous carbon attract attention due to their physical and 

chemical properties. Gogotsi et al.1 reported the synthesis of nano- and micro-crystalline “diamond-structured” 
carbon films by extracting silicon from the surface region of macroscopic silicon carbide samples with chlorine-
containing gases at ambient pressure and temperatures not exceeding 1,000˚C. This “carbide-derived carbon (CDC) 
method” has been used for the conversion of carbide to nano-crystalline diamond and graphite films on SiC.1,2 In 
this work, we have used small diameter silicon carbide whiskers as the precursor and have successfully extracted Si 
to create carbon nanowires by the CDC method.  

The β-silicon carbide whiskers (Advanced Composite Materials Corp., South Carolina) used as the precursor in 
this work are of high purity (99%) with 0.45–0.65 micron diameters and 5- 80 micron lengths. Our X-ray diffraction 
(XRD) data of the as-received whiskers proves they are β-SiC. Silicon extraction experiments have been carried out 
in a home-built thermal chemical vapor deposition (CVD) apparatus. The green SiC whisker precursor material was 
converted to a dark black product after 8 hours of the extraction reaction at 1000°C. Transmission electron 
microscope (TEM) images are shown in Fig. 1(a) and (b). The high-resolution TEM image and electron diffraction 
data (not shown) indicate that the structure is amorphous. Energy Dispersive X-ray Analysis (EDX) has been 
performed on the product and the data in Fig. 1(c) show >97% carbon with the remainder being oxygen, silicon and 
chlorine. There was no significant variation of the composition across the specimen (by EDX analysis) for the 5 
spots shown in Fig. 1(a). The fraction of sp2-bonded atoms in the specimen is ~0.88 according to EELS analysis. 

 
Figure 1. (a) Low-magnification TEM image of the product nanowire; (b) High-magnification TEM image of 
the product nanowire; (c) atomic percentages assigned by the Hitachi HF-2000 software from the five spots in 
(a); (d) EELS spectrum taken with the Hitachi HF-2000 at the edge of the product nanowire. 



 
Materials with high specific surface area and controlled pore size distribution have potential applications as 

molecular sieves, and for gas storage, catalysis, and use as absorbents, battery electrodes, supercapacitors, water/air 
filters, and medical devices. The TEM images of these carbon nanowires suggest a nanoporous structure. The 
surface area and pore size have been measured with a Micromeritics ASAP 2010 Accelerated Surface Area and 
Porosimetry analyzer. Isotherms of the adsorption of nitrogen were recorded at -195.8 ˚ C. The Langmuir surface 
area obtained in one measurement on 100 mg of material was 1658 m2/g and the surface area analyzed by the 
micropore analysis method for the same sample was 1978 m2/g: these two surface areas show we have synthesized a 
new ultra-high surface area material composed primarily of carbon and in nanowire form. The pore size 
distribution was calculated by the Horvath-Kawazoe method and the median pore radius is 0.57 nm.  

 

 
Figure 2. TEM image of porous carbon NW derived from silicon carbide. 

 
In summary, we have converted silicon carbide whiskers to carbon nanowires by the CDC method and the 

analysis indicates that the carbon nanowires have very high surface area and a nano-porous structure. The EELS 
results show primarily sp2 C-C bonding. We are currently trying to enhance the fraction of sp3 bonding in an attempt 
to make diamond-like, or even single crystal diamond, nanowires.  
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Abstract 
Since the first discovery of carbon nanotubes (CNTs) in 1991[1], CNTs have attracted much attention. CNTs 
exhibit unique electronic and extraordinary mechanical properties. They have many potential applications. 
There are various synthetic methods for the production of CNTs[2-7]. CVD methods have many advantages. In 
CVD, it is believed that the catalyst on the substrate must be in the form of particles instead of smooth, 
continuous films and the CNT diameter tends to depend on the size of the catalyst particles. These catalysts 
can be deposited onto the substrate from solutions with pre-formed particles[8]or by physical techniques[9]. 
Physical techniques are quick, easy, and amenable to produce small patterns. The film thickness is a crucial 
parameter for the diameter and the density of the CNTs. The island size depends on the thickness of the initial 
catalyst films. Typical thin catalyst film thickness should be less than 20 nm. While the catalyst film thickness 
is more than 30 nm, a small grain size is not guaranteed. It is very difficult to grow thinner CNTs. Pretreatment 
further to break the film into desired particles should be taken. 
 
NH3 is believed to be essential to the growth of CNTs in the CVD system[10]. The purpose of this paper is to 
study the pretreatment effect of NH3 plasma on CNT growth. In this paper, multi-wall carbon nanotubes have 
been grown on silicon substrates with NH3 plasma pretreatment to the thick catalyst films by CVD using 
C2H2/NH3 mixtures. The morphology and structure of carbon nanotubes were studied by scanning electron 
microscopy and transmission electron microscopy. Both concentric hollow and bamboo-type multi-wall carbon 
nanotubes were observed. The diameter, density, morphology and structure of carbon nanotubes changed with 
the plasma power and pretreatment time.  
 
Under our experimental conditions, we believe the effects of NH3 plasma pretreatment for the nanotube 
growth by controlling the NH3 plasma power and pretreatment time in CVD method. CNTs grown on the 
substrate showed fairly good morphology. However, during pretreatment, using NH3 only without plasma 
resulted in worm-like carbon fibers. The NH3 plasma resulted in melting and roughening of the substrate 
surface, and this enhanced the formation of metal particles. It is confirmed that NH3 plasma plays an important 
role in promoting the formation of uniformly separated particles and reducing Fe. The ion bombardment 
energy in NH3 plasma leads to the thick catalyst film to particles, yielding the nanotube-growth enhancement. 
The results show that NH3 plasma density was found to be the primary factor in synthesizing CNTs during the 
pretreatment. NH3 plasma power and pretreatment time have to be optimized in order to grow uniform and 
density controlled nanotubes.  
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 Unconventional allotropic modifications of carbon and polymorphic phases of boron nitride known in 
the literature are survived, including amorphic and metallic carbon, carbon C8, carbynes, nanotubular crystals, 
"cubic graphite", chaoites, E-phase, etc. Their structures predicted theoretically and found experimentally are 
collected,  and analyzed critically.  

 Full set of fullerene clusters (molecules ) as building units of close packed crystals was predicted 
theoretically. Elementary cells of face centered, body centered cubic, hexagonal, diamond and other lattices 
were designed.  

 Energy band structure, the equation of states, the densities of electronic states. and the electronic 
density map of novel allotropic modifications of carbon and polymorphes of BN have been calculated in first 
time by ab-initio FLAPW method.  

 Electronic structure of simple cubic fullerites SCF-C24 and fulborenite SCF-B12N12 shown in figure 1 
have been calculated. The equilibrium interatomic distance aCC=0.1550 nm and  aBN=0.1537 nm is 
intermediate between diamond (sphalerite) and graphite (h-BN). Band structure consists of 4 (6) filled bands 
with gap ~1.9 eV and ~0.1 eV respectively. The SCF-C24 was shown to be the diamond-like molecular 
semiconductor combining the nonpolarisability and porosity with the mechanical strength (bulk module B=308 
GPa), chemical inertness, thermal stability and high thermal conductivity. All of these point on the SCF-C24 as 
the perspective low-dielectric material  (ε < 5.7) for interconnectors and substrates for integrated circuits. The 
SCF-B12N12 was shown to be the diamond-like molecular semimetal.  

 Electronic structure of fulborenite SCF-B24N24 (fig.1) have been calculated. Its building units clusters 
B24N24 have been discovered recently in mass-spectra of arc-melting BN. Calculated parameters are: the 
equilibrium lattice parameter А=0.73458 nm, length of B-N bond aBN=0.1521 nm, number of atoms per unit 
cell Z=48, density ρ=2.495 g/sm3, bulk module B0= 367 GPa, band gap ∆Eg=3.76 eV. It was concluded to be 
the heteropolar semiconductor or dielectric with specific bulk module higher then for cubic boron nitride.  

 Electronic structure of hyperdiamond fulborenite HDF-B12N12 (fig.1) have been calculated. Bulk 
module of HDF-B12N12 B=590 GPa is greater then for diamond (B=540 GPa). This novel boron nitride 
faujasite type polymorphe is expected to become an extremely super-hard semiconductor.  

This research was made possible in part by Award UE2-2456-KV-02 of U.S. CRDF. 

 
Fig. 1. Elementary cells of the simple cubic fulborenites SCF- B12N12 in which molecules B12N12 are covalently 
bonded by square faces, the SCF-B24N24 with molecules B24N24 bonded by octahedral faces, and hyperdiamonf 
fulborenite HDF-B12N12 with molecules B12N12 copolymerized by hexagonal faces. 
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Abstract 
We report here the first success of growing boron nitride nanotubes (BNNTs) on substrates. BNNTs have stable 
electronic properties (band gap of ~5.5 eV), which is independent of the tube diameter, number of walls, and 
chirality. Furthermore, this band gap can be tuned by substitution of carbon. Thus BNNTs are prospective for 
applications in nanoscale photonics and electronics devices. Previously, powder form BNNTs have been synthesized 
at temperatures >1100 °C. These products are mixed of various impurities including catalyst and BN particles. In 
this report, we describe the growth of BNNTs on substrates at 600 °C by a plasma-enhanced pulsed-laser deposition 
technique. Furthermore, these BNNTs are vertically-aligned on the substrate surface and can be grown at desired 
patterns and locations. We have demonstrated the growth of BNNTs in a series of matrix arrays (500 x 500 
micrometers). This indicates that their growth is fully controllable by catalyst like the growth of carbon nanotubes. 
The growth of BNNTs is sensitive to the types of catalysts used, plasma density, and growth temperatures. At 
optimum condition, a well-defined growth region of BNNTs has been identified and explained. According to high-
resolution field-emission scanning electron microscopy (FESEM), these BNNTs are grown in a base growth mode. 
This has been confirmed by high-resolution transmission electron microscopy (HRTEM). Furthermore, HRTEM 
indicates that these BNNTs are constructed of well-defined, multiwalled tubular structures with highly parallel 
tubular channels. 

 

RESULTS AND DISCUSSION 
Boron nitride nanotubes (BNNTs) were predicted after the discovery of carbon nanotubes (CNTs) [1]. They are 
expected to have a wide energy band gap of ~5.5 eV. This band gap is nearly independent of the tube diameter, 
number of walls, and chirality [2]. This means the electronic properties of BNNTs are uniform. Furthermore, it is 
possible to tune the band gap of BNNTs by substitution of carbon to make boron-carbon nitride (BCN) nanotubes. It 
is predicted that BC2N nanotubes could have a band gap of about ~1.3 eV [3]. Thus BNNTs, and BCN nanotubes 
could be used for high-power electronic and photonic devices. Promising applications include the nanoscale laser, 
and light emitting devices (LED) with wavelengths tunable across the visible range into the ultraviolet. BN and 
BCN nanotubes are expected to accomplish the usage of CNTs as the building blocks for nanoscale devices in the 
new century. 

Both BNNTs, and BCN nanotubes have received far less research attention than CNTs, probably because a high 
yield synthesis route has not been identified. BNNTs have been synthesized by catalytic arc discharge [4, 5], laser 
ablation [6, 7], a substitution reaction from CNTs [8], and chemical pyrolysis [9], typically at growth temperatures 
of 1100 to 3000 °C. Similar difficulty occurred on the growth of BCN nanotubes. 

We think that effective growth of BNNTs is important and will lead toward systematic doping of BNNTs by carbon 
for achieving BCN nanotubes with tunable band gap. Besides a reasonably low growth temperature, accurate 
positioning of BNNTs and BCN nanotubes on are desired for the fabrication of most nanoscale devices. Here, we 
describe the first success of growing BNNTs on substrates at 600 °C by a plasma-enhanced pulsed laser deposition 
technique [10-12]. 

In Figure 1, images of vertically-aligned BNNTs are shown as detected by a high-resolution FESEM. As shown, 
these BNNTs can be grown as carbon nanotubes in most chemical vapor deposition technique. We think that this 
result will lead toward large-scale synthesis of BNNTs by various vapor phase deposition approaches. Details of 
these results will be discussed in the conference. 
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Figure 1. FESEM images of vertically-aligned BNNTs. 
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Abstract 
Tetrahedral amorphous carbon (ta-C) formation at implantation of noble gas ions with energy from 25 to 1000 eV in 
carbon target is investigated in the model of thermoelastic peak (TEP). The dependences of radius, temperature and 
pressure in TEP on the ion energy were obtained. The P,T - trajectories of the points corresponding to the matter 
state in ion TEPs during acoustic and thermal relaxation were set on the phase P,T- diagram of carbon. The 
possibility of ta-C formation in TEP was qualitatively investigated from location of trajectory relative to boundary 
line “diamond - graphite”. The effectiveness of «sp2→sp3» rearrangements in TEP was determined depending on 
sort and energy of the ion. 

INTRODUCTION 
As is known, the treatment of carbon by low-energy ions can promote its transformation to tetrahedral amorphous 
carbon (ta-C) [1]. There was intensive investigation of ta-C formation at 12C+ ion implantation in carbon target (see, 
e.g. [1] and references there). The thermodynamic conditions of ta-c formation at implantation of C+ ion in carbon 
were investigated theoretically in [2]. By hypothesis, these conditions are realized due to high temperature and 
pressure in thermoelastic peaks (TEPs) – nanometer-scale regions of matter where thermalized energy and volume 
of implanted ion are localized. The main features of this approach are taking into account the finiteness of initial 
dimension and origin time of TEP, as well as a combined action of temperature and all components of pressure in 
TEP on the rearrangement process.  

In this paper, in the framework of the TEP concept [2], we perform a comparative analysis of conditions of ta-C 
formation at implantation of Ne+ Ar+, Kr+ and Xe+ ions with energy from 25 eV to 1000 eV in carbon. The 
effectiveness of ta-C formation in TEPs of noble gas ions was calculated. 

RESULTS AND CONCLUSIONS 
According to results of TRIM simulation, one can approximate TEPs of considered ions by spherical regions 
containing from 40 to 2000 atoms. It justifies correctness of the suggested thermodynamic approach. The radius, 
energy and lifetime of TEPs caused by noble gas ions were determined on the basis of TRIM simulation of ion-to-
matter energy transfer and taking into account relaxation processes. Temperature in TEP was determined from 
phonon component of ion energy loss in TEP’s volume. Thermoelastic, deformation and residual components of 
pressure in TEP have been found using radiation acoustic equations. Calculation has shown that temperature and all 
components of pressure in TEPs depend considerably on sort and energy of the ion. 

The initial positions and trajectories of points corresponding to TEPs matter state on P,T phase diagram of carbon 
were determined (see Figure 1). Here dash-dot lines separate stability regions of different phases whereas dotted 
lines show initial locations of TEPs of specific ions. The sharp pressure decay on initial stage of the peak evolution 
corresponds to the acoustic wave escape almost without cooling. After that, pressure achieves the quasi-static level 
and decreases in accordance with increase of TEP volume. Analysis shows that trajectories of TEPs generated by 
ions with energy E<E1 (E>E2 ) lie entirely in the region of diamond (graphite) stability. Hence, ions with energies 
E<E1 produce high concentration of ta-C whereas the ones with E>E2 do not produce ta-C at all. Here E1 ≈ 75, 150, 
150, 200 eV and E2 ≈ 450, 900, 750, 600 eV for ions Ne+, Ar+, Kr+, Xe+, correspondingly. The ions with energies 

 also produce ta-C but its concentration decreases with increase of the ion energy.  21 EEE <<

The total number W(E) of sp2 to sp3 transitions in ion TEP under combined action of temperature and pressure was 
used as a factor of effectiveness of ta-C formation. As one can see from Figure 2 the effectiveness of ta-C formation  



 

Figure 1. Location of P,T-trajectories (solid lines) of TEPs of noble gas ions on phase diagram of carbon.  

depends considerably on the ion sort. The 
maximal effectiveness is observed for Ar+ 
and Ne+, the minimal one is for Xe+. The 
maxima of effectiveness for different ions are 
observed at different energies. Moreover, 
there are several peaks on the curves of 
effectiveness of ta-C formation for different 
ions: at 40, 60 and 90 eV for Ne+ , at 56 and 
200 eV for Ar+, at 90 and 150 eV for Kr+. 
The presence of two peaks in sp3 content of 
carbon target after Ar+ ion treatment is 
experimentally justified [3]. The dense phase 
formation in TEPs of Ar+ and Kr+ ions with 
energy ≤1000 eV occurs with an appreciable 
rate whereas the rates of the structural 
rearrangement to sp3 state in TEPs of C+, Ne+ 
and Xe+ of such energies are negligible. 

 
Figure 2. Energetic dependence of number of rearrangements 

sp2 sp3 in TEPs of C+ and noble gas ions in carbon. 
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Abstract 
Variable stresses originating due to energy, impulse and volume transfer at low-energy C+, Ar+ ions implantation in 
carbon films are theoretically investigated. A spatial dependence of generated pulse is analyzed taking into account 
the sound absorption. The influence of the elastic waves on kinetic processes in irradiated matter is discussed. 

INTRODUCTION 
Experiments show a remote action of low-energy ions on properties of deposited film on depths considerably 
exceeding the ion ranges. The thermodynamic conditions in thermoelastic peaks (TEPs) – nanometer regions around 
ion trajectories containing thermalized ion energy were investigated in [1]. It was shown that a powerful acoustic 
pulse is generated in TEP due to energy E and volume V1 introduced by ion. The stress pulse is a spherical bipolar 
wave diverging with the longitudinal sound velocity s. Its amplitude in the wave zone can be represented as 
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where t is time counting from the moment of TEP origination, r
r

- radius-vector from TEP center to the observation 

point,  - the Heaviside’s unit, η= η(E) – a part of ion energy transferred to the phonon excitations, R=R(E) and 

V=V(E) – radius and volume of TEP, K – the compression modulus and Γ - the Gruneisen parameter of a target 
material. Taking from [1] data concerning η(E), R(E) and V(E) we get estimate 

( )tH

( ) ~Rσ 10 GPa. Such stresses can 

stimulate rearrangement of carbon to sp3 bonds, result in change of rate of kinetic processes in irradiated material 
(i.e., creep, diffusion of impurities and interstitials, etc.) To right estimate the acoustic effect action on radiation – 
stimulated processes one need to take into account all basic mechanisms of elastic wave generation. Particularly, the 
generation of high pressure pulses also takes place due to transfer of the ion momentum MEP 2=  to the target 
material during the time of ion-ion relaxation τ. Such impact pressure ( )τπ 22~ RMEpD  in front of TEP exceeds 

the material yield stress and is able to cause structural rearrangements (the radiation cold hardening), to move the 
surface atoms in depth of the material, etc. In this paper by the example of C+ и Ar+ ions with energy from 25 to 
1000 eV bombarding carbon target the contributions of different mechanisms of elastic wave generation are 
determined and compared. A spatial dependence of the pulse amplitude including a sound absorption is investigated. 
The action of variable stresses from ion TEPs on kinetic processes in irradiated material is discussed. 

RESULTS AND CONCLUSIONS 
The acoustic stress generated due to transfer of impulse P

r
 from incident ion to TEP material was estimated in the 

hydrodynamic approximation: 
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Here θ  is the angle between the direction on the observation point and vector P
r

. Note that the impact stress 
depends on θ  in accordance with the law of dipole radiation: θσ cos~D . 



The energetic dependence of ratio σσ D  for C+ и Ar+ ions at θ = 0 is shown in Figure 1. One can see that the 
impact stress is comparable or exceeds the thermoelastic and deformation ones.  

 

Figure 1. Energetic dependence of ratio σD/σ for 
C+ and Ar+ ions in carbon 

 
Figure 2. Spatial dependence of total acoustic stress, 
generated by C+ (curves 1) and Ar+ (curves 2) with 

energies 100 eV (dashed) and 1 KeV (solid) in carbon 

The equations (1), (2) are correct only for distances ( ) β2
0 sRrr at =<<  when one can neglect the sound absorption 

on the boundary frequency s/R. So, taking for the index of absorption β =2 м-1·ГГц-2 (the typical value for hard 
dielectric materials like sapphire) we get = 3 nm ( = 20 nm) in case of Catr atr + ion with energy 100 eV (1000 eV). 
For maximum of total acoustic stress the following estimate is correct: 
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The spatial dependence of total acoustic stresses from C+ and Ar+ TEPs (curves 1 and 2, respectively) with energies 
1 KeV (solid lines) and 100eV (dashed lines) is shown in Figure 2. The point of observation lies in axis θ = 0. When 
the stress exceeds a threshold of activation then corresponding kinetic process is stimulated in the irradiated matter. 
So, the displacement of interstitials from stoppers goes everywhere in the neighborhood of TEP where the acoustic 
pulse amplitude ( )rat

r
σ  exceeds the value of the activation energy isisis U Ω=σ ~ 1 GPa of the displacement (see 

Figure 2). Here ~ 0.1 eV is the energy of migration of the interstitial, isU isΩ ~ 2·10-23 cm3 is the interstitial volume 
in carbon. As one can see from Figure 2, the radiuses ( )ErC  and ( )ErAr of the activation zones around TEPs of C+ 
and Ar+ where the over-barrier movement of diffusants occurs depends considerably on sort and energy of the ion. 
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Abstract 
We have studied the influence of the methane gas (CH4) pressure on the bonding, structural, optical and electrical 
properties of the nitrogen doped amorphous carbon nitride (a-C:N) thin films grown by newly developed Surface 
Wave Microwave Plasma Chemical Vapor Deposition (SWMP-CVD) on quartz and silicon (100) substrates. The a-
C:N films are deposited with varying CH4 partial gas pressure in range from 5 to 20 ml/min. To incorporate nitrogen 
in the a-C:N film, we have introduced nitrogen gas (N) at 5 ml/min partial gas pressure in the chamber. The effects 
of the CH4 gas pressure on the surface morphology, composition, structure, optical and electrical properties of the N 
incorporated camphoric carbon thin films have been investigated using Scanning electron microscopy (SEM), 
Atomic force microscopy (AFM), Auger electron spectroscopy (AES), UV-Visible spectroscopy and Four-point 
probe resistance measurement. We have succeeded to grow a-C:N thin films using SWMP-CVD at room 
temperature and found that the amorphous structure of a-C:N films can be changed and is strongly dependent on the 
CH4 gas source. 

RESULTS AND DISCUSSIONS 
Recently, a new deposition method (Fig. 1), namely Surface Wave Microwave Plasma Chemical Vapor 

Deposition (SWMP-CVD) has been developed [1,2]. This deposition technique is a new deposition method of 
carbon thin films without corroding ions on substrate. It is also noticed as one of promising plasma sources for the 
large area thin film deposition. Since structural, physical and optical properties of a-C thin films grown by SWP-
CVD for solar cell application are not yet understood, in this paper, we report our latest result on the properties of 
nitrogen doped amorphous carbon nitride (a-C:N) thin films. 

The optical properties was characterized by studying the optical transmittance and reflectance spectra of the 
films using UV|VIS|NIR spectrometer - Jasco V570. The optical absorption spectra of the films were obtained from 
optical transmittance and reflectance measurements in the range of 200 to 2500 nm. 

From the measurements of optical transmittance and reflectance in range of 300 to 1150 nm wavelength 
(about 1 to 4 eV photon energy), an optical absorption coefficient (α) on the order of 103 – 104 cm-1 is obtained for 
the undoped a-C. The α has increase with increased up to 103 – 104 cm-1 for a-C:N films grown at 5 ml/min of CH4 
gas. The α is almost unchanged with higher CH4 gas up to 20 ml/min. The high absorption in the power-law (Tauc) 
and exponential (Urbach) region is ascribed to the presence of more graphitic component (sp2- bonds) in the carbon 
film. The optical absorption spectra in this experiment have a similar shape to the absorption spectra reported by 
Puretzky et al. [3]. 

As shown in figure 2, the optical gap (Eg) is obtained from the extrapolation of the linear part of the curve 
at the absorption coefficient α = 0 using the Tauc relation [4], (αhv)1/2 = B(Eg-hv), where, B is the Tauc parameter. 
The estimated Eg for undoped a-C films A is approximately 2.3 eV and decreased up to approximately 2.1 eV with 



increased of CH4 gas at 5 ml/min. Our result shows the Eg is almost constant at 2.1 eV, indicates there is no micro-
structural disorder with higher CH4 gas up to 20 ml/min. 

The electrical resistivity (ρ) was measured at RT by a 4-point probe resistance measurement method, the 
usual way for high resistance measurement. The ρ values for each film were the average of measurements made at 
different positions on the film surface. The ρ values of Sample A was measured to be around 6.2 x 105 (Ω-cm), is 
higher compared with the ρ = 5 x 104 (Ω-cm) values of a-C:N film grown at 5 ml/min CH4 gas. The ρ of a-C:N 
films decrease with higher CH4 gas up to 8 x 103 (Ω-cm), 4 x 103 (Ω-cm) and 1 x 103 (Ω-cm) respectively. 

Details of the experimental results and discussions will be presented during the conference presentation. 

Conclusions 
We have successfully grown nitrogen doped amorphous carbon (a-C:N) thin films by newly developed 

surface wave microwave chemical vapor deposition (SWP-CVD)  at 5 ml/min N2 gas ambient with the CH4 
precursor gas from 5 to 20 ml/min. The dependence of the CH4 gas ambient on the surface morphology, composition, 
structure, optical  and electrical properties of the films was investigated. It is found that the amorphous structure of 
a-C:N films can be changed by CH4 gas and the a-C:N films grown at higher CH4 gas have relatively high electrical 
conductivity. 
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Figure 1: Image of newly developed Surface
Wave Microwave Plasma Chemical Vapor
Deposition  (SWMP-CVD) System. 
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Abstract 

Industrial diamond production was pioneered by General Electric Company of U. S. in 1957 
and followed by De Beers of S. Africa in 1961. The two companies optimized the production of 
diamond grits by heating alternative layers of graphite disks and metal catalyst (Fe, Ni, Co) 
under high pressure. Although there have been 20 countries attempting to duplicate the success 
of GE and DB, only Iljin Diamond of S. Korea is able to join the lucrative business starting with 
a technology provided by the author in 1989. In 1970s Winter of Germany developed a 
powdered mixture of graphite and metal and demonstrated that this assembly can greatly 
improve the diamond yield and quality. This technology has since been applied to make high 
grade saw diamond by the above “big three.” 

China start commercial production of diamond grits in 1966, since then, their diamond 
output has been growing at a much faster pace than that of the “big three.” Today, Chinese 
makes 2/3 of diamond grits of the world consumption of about 600 tons. However, Chinese 
cannot make saw diamond larger than about 45 mesh (0.36 mm). Even so, the “big three” has felt 
the pressure of “yellow fever.” As a consequence, De Beers reorganized their industrial diamond 
group in 2000 and renamed it Element Six, GE Superabrasives was sold to Little John in 2003, 
and Iljin Diamond suffered the first loss in 2003. 

The world high pressure diamond synthesis is due for another technology advancement, this 
time, the random nucleation of diamond in the reaction cell is planted with a matrix of diamond 
seeds that will do away with the erratic growth of diamond. The result would be doubling of the 
diamond yield and quadrupling of the sales value. 
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Probing Electrical Conductivity Homogeneity Across a 
Boron-Doped Nanocrystalline Diamond Film Using 

Conductive Probe-Atomic Force Microscopy 
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In recent years, boron-doped diamond thin film, grown using chemical vapor deposition 
(CVD) techniques, has been characterized and employed as an electrode material for 
electrochemistry. Much has been learned from electrochemical measurements about factors 
influencing their electrochemical activity, but they still possess some characteristics that are not 
fully understood. One property not fully understood is the electrical conductivity and what 
properties influence electron transfer across the diamond/solution electrified interface. 
Conductive probe-atomic force microscopy (CP-AFM) was used to map the topography and 
electrical conductivity of boron-doped diamond films, in particular, nanocrystalline films. The 
dependence of electrical conductivity on the boron doping level and bias voltage polarity were 
studied. Discontinuous conductive regions were observed on all films, with the fraction of 
conductive area increasing with the boron doping level. At the higher doping levels, the 
conductive regions exhibited metallic electronic properties. The results clearly show that 
diamond films are not uniformly conducting. They possess regions of high electrical 
conductivity isolated by regions of low conductivity. The results have important implications for 
the application of diamond in such fields as electrochemistry and field emission.  
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Abstract  
A boron-doped diamond microelectrode was employed for the amperometric detection of 
chlorinated phenols in capillary electrophoresis (CE-EC). Detection was made in both the 
direct and indirect modes. The microelectrode was prepared by (i) coating a thin film of 
boron-doped polycrystalline diamond on a sharpened platinum wire (76-µm diameter) 
and (ii) sealing the coated wires in a polypropylene pipette tip. The diamond 
microelectrode, in the end-column format, exhibited a low and stable background current 
with low peak-to-peak noise. The electrode performance was evaluated in terms of the 
linear dynamic range, sensitivity, limit of quantitation, and response precision for the 
detection of several important chlorinated phenols (2-chlorophenol, 3-chlorophenol, 4-
chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol, and pentachlorophenol). The 
diamond microelectrode exhibited outstanding detection figures of merit for these 
contaminants in the direct amperometry. For example, the mass limit of detection for 2-
chlorophenol in the direct amperometric mode was 14 fg (12 ppb S/N = 4) and the 
relative standard deviation of the peak height for 9 injections was 4.7 % (1.1 nL inj.). The 
separation efficiency was greater than 100,000 plates/m for all seven analytes. Water 
from a local river was spiked with chlorinated phenols and analysed. The first step in the 
analysis was extraction of the phenols by solid phase extraction prior to analysis. The 
preconcentrated phenol solution was then analyzed using CE-EC. The preconcentration 
by solid phase extraction lowered the limit of quantitation to low ppb to high ppt level. 
A diamond microelectrode was also employed for the indirect amperometric detection 
detection of these pollutants in CE. In this approach, ferrocene carboxylic acid was added 
to the run buffer as the electrophore. Good reproducibility was observed for the 
separation and detection of 2-chlorophenol, 3-chlorophenol, and 2,4-dichlorophenol. The 
mass limit of detection for these analytes was in the pg (low ppm) range.  Data for both 
direct and indirect amperometry will be presented.  



MONITORING ARSENIC (III) IN WATER SUPPLIES USING ANODIC 
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Abstract 

Arsenic contamination in drinking water can cause not only short term poisoning but also chronic medical 
effects such as keratosis, dyspigmentation, skin lesions, and skin and internal cancers even at low 
part-per-billion (ppb) levels.1 The inorganic trivalent form is the most toxic.2 Current methods of analysis such 
as atomic absorption spectrometry and inductively coupled plasma mass spectrometry are expensive, time 
consuming and unsuitable for on-site detection.1 Electrochemical methods, like anodic stripping voltammetry 
(ASV) are easy to operate, sensitive, fast, portable, and a less expensive alternative for arsenic detection.3 
However, electrode materials currently used are limited by toxicity, stability and sensitivity issues.4  

Boron doped diamond (BDD) is a relatively new alternate electrode material for ASV. Its low background 
current, large potential window and long term stability distinguish BDD from conventional electrode materials.5 
Some preliminary results of arsenic (III) detection in 1 M HCl with a diamond thin-film electrode modified by 
co-deposited gold particles will be presented. Detection of arsenic on diamond was characterized by cyclic 
voltammetry (CV) and atomic force microscopy (AFM). Factors affecting the ASV detection such as deposition 
potential, deposition time, and gold (III) concentration were optimized. The LOD with a gold (III) concentration 
of 100 ppb at the optimized conditions was determined to be 0.005 ppb, the linear dynamic range under these 
conditions was 0.005 ppb-40 ppb. A sensitivity of ca. 0.01 µA/ppb was achieved. The RSD was ca. 5% with 10 
consecutive runs. 
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Abstract 

Polycrystalline boron-doped diamond microelectrode is an advanced electrode material that 
possesses attractive properties for electroanalytical measurements in biological environments 
(e.g., low limit of detection, response precision, wide working potential window, and pH 
independence). The diamond surface is non-polar with a low surface oxygen content and this 
results in weak adsorption of polar molecules and contaminants. Therefore, the response stability 
and fouling resistance of diamond are superior to that of carbon fiber microelectrode - a common 
electrode material used for the electrochemical detection of catecholamine neurotransmitters.  

Norepinephrine (NE) is the primary neurotransmitter in the sympathetic nervous system and 
controls vasomotor tone. We report presently on the use of diamond microelectrodes and video 
imaging techniques to monitor local NE release and mesenteric arterial constriction using in vitro 
preparations from laboratory test rats. NE release was elicited by focal electrical stimulation (1-
20 Hz) of periarterial nerves. The diamond response sensitivity and stability for this in vitro 
measurement will be compared with that of a carbon fiber. Data will also be presented showing 
the correlation of NE release with vasoconstriction. 
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Abstract 
The isothermal conversion of chemical energy into mechanical work underlies the 

motility of all living systems - natural muscles. In this presentation, actuators built from a macro 
scale sheets of single-wall carbon nanotubes (bucky paper), which is among the growing list of 
several actuator materials since its pioneer demonstration, will be investigated. They are 
therefore dubbed as artificial muscles lying under the category of electro-chemo-mechanical 
devices, whereby the transformation of chemical energy into mechanical energy is triggered by 
electrical signal or dc bias [1]. They operate as a result of double-layer (i.e. electrochemical 
double layer; ECDL) charge injection in electrodes having very high gravimetric surface area 
and gravimetric/specific capacitance and the output of the actuator may be a mechanical 
displacement that can be used to accomplish mechanical work. Despite several benefits (low 
operating voltages, conducting nature, high temperature performance, and unusual electro-
mechanical coupling), some open questions concerning the actuation principle/mechanism 
remain. They stretch if they are electrically charged and stretching is due to the elongation of C-
C bond (i.e. tangential displacement mode) - if bonding states are depopulated or if anti-bonding 
states are populated.  

This study addresses and presents these issues and aim to comprehend the various 
contributions by investigating the charge transfer dynamics on the surface of single-wall carbon 
nanotubes using in situ resonance Raman spectroscopy (RRS) and to determine the associated 
parameters include microscopic strain, fractional charge transfer and the corresponding shift in 
Fermi level through modeling [2, 3]. We found the in-plane compressive strain (~ -0.25%) and 
the charge transfer per carbon atom (fc ~ -0.005) as an upper bound for the electrolytes used i.e. 
CaCl2 (see Fig. 1). These results can be quantitatively understood in terms of the changes in the 
energy gaps between the one-dimensional van Hove singularities in the electron density of states 
arising possibly due to the alterations in the overlap integral of π bonds between the p orbitals of 
the adjacent carbon atoms. Moreover, the extent of variation of the absolute potential of the 
Fermi level or alternatively modification of band gap is estimated from modeling Raman 
intensity to be around 0.1 eV as an upper bound for CaCl2. The cyclic voltammetry (see Fig. 2) 
and ac electrochemical impedance spectroscopy results will be discussed briefly which help to 
demonstrate well-developed capacitive behavior of single-wall carbon nanotubes sheet and to 
estimate the gravimetric/specific capacitances as well.  
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Electronic structure calculations of Nitrogen and Hydrogen in
diamond twist grain boundaries
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Films of ultrananoctrystalline diamond grown in methane/argon plasmas
have grain sizes of 3 to 10 nm and show an increase of several orders of mag-
nitude in n-type conductivity upon nitrogen addition to the plasma [Bhat-
tacharyya et al., Appl. Phys. Lett. 79, 1441 (2001)]. Our computational studies
have shown that nitrogen impurities are more stable in the grain boundaries
than in the bulk. Using a density-functional-based tight-binding method, we
have investigated the atomic and electronic structure of Σ13 and Σ65 − (100)
diamond twist grain boundaries containing hydrogen and nitrogen at the
same time. We have studied the formation of N–H complexes and associated
changes in the electronic structure of the films for different hydrogen to nitro-
gen concentration ratios. We have also calculated participation ratios in order
to find mobility edges in these systems and investigate the formation of de-
fect sub-bands in the forbidden gap of diamond. These studies are being used
to understand the experimentally observed changes in the electronic proper-
ties of the films associated with changes in the plasma composition during the
growth process.

∗ Work supported by the U.S. Department of Energy, BES-Materials Sci-
ences, under Contract W-31-109-ENG-38.
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Abstract 
Since Lewis et al. found nanometer-scaled diamonds from primitive meteorites in 1987, a lot of researchers 

have also detected nanodiamonds in protoplanetary nebulae, interplanetary dust originating from comets and 
asteroids, and some circumstellar disks. All extraterrestrial nanodiamonds have similar size distribution, i.e., 3-5 nm, 
so far. On the Earth, nanodiamonds synthesize by detonation, chemical vapor deposition (CVD), and hydrothermal 
synthesis and reduction of carbide (HSRC). Pure TNT detonation synthesizes nanodiamonds with diameters about 
10 nm. However, Chen et al. synthesized mostly spheroidal diamond nanoparticles with sizes of 3-6 nm by 
detonating TNT in the inert gases atmosphere. Similarly, nanodiamonds have been produced using CVD techniques. 
Lee et al. found diamond nanoparticles with diameter of 2-6 nm (small enough to identify the nucleation sites) in 
CVD diamond films. Furthermore, Gruen et al., by partially or outright replacing the hydrogen with argon in the 
CVD process, deposited the smooth films of nanoparticles only a few nanometers in size. Recently, the important 
progress of micron-sized diamond synthesis was developed by HSRC with hydrogen or without hydrogen under 
conditions of pressure less than 200 MPa and temperature not exceeding 1300 K. Importantly, Gogotsi et al. realized 
the conversion of silicon carbide to diamonds with diameter of about 5 nm in the noble gas atmosphere under 
ambient pressure and temperature less than 1300 K conditions. Thus, both extraterrestrial and Earth“s nanodiamonds 
are not only stable, not also have the nearly equal size distribution. These important data imply that there would be a 
common underlying factor in the formation of nanocrystalline diamonds. To our best knowledge, a few studies are 
involved in the stability of nanodiamonds. However, in all these calculations and experiments mentioned above, we 
hardly find the reasonable and satisfying explanation for the two fundamental issues: which physical origin causes 
the nanodiamond stability and why the nearly equal size distribution of nanodiamonds produced in space and on the 
Earth under very different temperature-pressure conditions is in the range of 3-5 nm. To gain a better understanding 
of the physical origin of the two fundamental issues mentioned above from the point of view of thermodynamics, in 
this study, we therefore perform the phase stability analysis of nanodiamonds and calculations of the critical nuclei 
sizes of diamonds upon CVD and HSRC systems. Interestingly, our theoretical results show that the radiuses of 
critical nuclei of diamonds upon CVD and HSRC are less than 2.5 and 3.0 nm, respectively. Furthermore, our 
analysis indicate that at atmospheric pressure and temperature not exceeding 1300 K, nanodiamonds less than 6 nm 
in diameter are thermodynamic stable phase. Additionally, we provide a reasonable explain for the diamond 
nucleation upon the hydrogen-free CVD. 
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Abstract 
Hydrogen is a very important impurity for semiconductor science and technology. It is well known that hydrogen is 
unevitablly incorporated into CVD diamond during the growth process [1,2], due to rich hydrogen in the growth 
atmosphere. By controlling the growth conditions, diamond of different crystalline state ranging from single 
crystalline, polycrystalline through microcrystalline to nanocrystalline have been obtained, and correspondingly the 
size of the grains which compose these films decreases rapidly. In order to identify the origin and forms of hydrogen 
incorporated in CVD diamond, we present this review-like work. In this work a comparison study of hydrogen 
incorporation in diamond is primarily performed by three ways, i.e. in terms of crystalline state of diamond, origin 
of diamond and type of carbon. Among different types of CVD diamond films in terms of crystalline state, the effect 
of grain size on hydrogen incorporation is also discussed. Considering the origin and growth technique of diamond, 
hydrogen incorporation among natural diamond, high-pressure high-temperature (HPHT) synthetic diamond and 
CVD diamond is investigated. In terms of type of carbon, hydrogen incorporation in diamond and non-diamond 
such as diamond-like carbon (DLC) film and hydrogen terminated amorphous carbon (α–C:H) film is briefly 
discussed. In the end, based on our work and those in the literature, a summary including concluding remarks on 
hydrogen incorporation in diamond is presented.  
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Abstract 
Surface plasmon resonance (SPR) in a first time was applied to experimental study and modeling of the single 

walled nanotubes (SWNT)-polymer films. Several types of SWNT, including carbon and bornitride shows 
unexpected optical properties for matrix film consisting of  nananotubes and polyethilenimine, placed on the surface 
of evaporated SPR-supported gold film. Modelling of obtained reflectance dependencies, using Fresnel reflection 
coefficients for cases of simple SPR multylayers structure and possible waveguide  was performed. Another possible 
explanations of observed phenomena are discussed.. 

Introduction 
Surface plasmon resonance (SPR) method is power tool for real-time study of a optical properties and 

geometry of nanofilms and intensively applied into practice [ 1-2]. Single walled nanotube (SWNT) have been the 
subject of extensive investigations last years [3-4] due to they unique mechanical and electronic properties. The 
basic objective of presented work is a first observation of changes in behaviors of conventional SPR in a gold film 
covered by single walled nanotube (SWNT)-polyethilenimine layer. The technique of use of SPR assumes an 
irradiation of the interface between a glass prism, covered by thin (~45nm) gold layer (optically more dense 
medium) and the researched material (optically less dense medium) from the side of more dense medium by p-
polarized laser beam and measurement of the reflected intensity under conditions of attenuated total reflection. The 
dependence of the intensity of the reflected irradiation vs. an angle of incidence (the surface plasmon resonance-
curve) has a minimum at the characteristic angle of incidence, that reveals involving of energy of laser irradiation 
for oscillation of plasma of free electrons at the surface of gold film (surface plasmon).  The form of the SPR-curve  
and, in particular, the angle position of the minimum, depends on the optical constants and thickness of all 
substances with which the electromagnetic wave of plasmon cooperates. In presented work we have studied a 
different types of SWNT- polyethilenimine films, using SPR method. Experiment was carried out with use of SPR-
device Biosuplar-2 (www.biosuplarusa.com), where open optical circuit includes the gold film on which nanotubes 
in a mix with polymer is represented. The measurements was performed for several types of polymer matrix-SWNT 
nanotubes, placed on an surface of Au film by dropping. The samples of nanotubes were differed between itself with 
concentration of nanotubes. To compare the results, pure polymer films and film for polymer, mixed with soot was 
measured also.  

Result and discussion 
For all SWNT containing samples as well as for bare Au angular reflection spectra for air conditions were 

measured (Fig.1). It is seen, that surface plasmon resonance is observed on all samples, containing SWNT and on a 
bare gold. The resonant minimum for the comparison sample (pure polymer) as well as for sample with soot was not 
observed. This result is surprising, because of strong dependence of SPR angular position on mass of material, 
involved in electric field of surface plasmon. It was noted also, that depth of SPR minimum directly depend on the 
homogeneity of  film and increase with more dense packing of nanotube layer. With another words, we observe a 
trend, that is not in agreement with a classical approach in SPR measurements.  

The possible explanations of the observed phenomena will be discussed. An appearance of reflective dipping 
with such angular position in presence of high refractive layer on the surface of metal is possible, if consider the 
layer SWNT-polymer, as waveguide. In previews work [5] we show, using Fresnel modeling, that for SPR 
structures it is possible, when thickness of waveguide exceed 640 nm. AFM measurements shows the thickness of 



pure polymer layer, close to 2 µm, that is quite enough for occurring of waveguide modes, if refractive index of 
layer is close to n=2.2+0.2i. To obtain the effective value of the refraction index of a layer of a polymeric matrix 
with nanotubes modeling with use of calculation of integrated Fresnel coefficient of the reflection for the system of 
investigated layers was carried out. The experimental SPR curves were mathematically treated, using procedure of 
fitting with theoretical SPR-curve. A minimal value of objective function at the end of processing reveals the optical 
parameters (refractive index and thickness of investigated layer), that is close to real. Calculation for usual 
multilayers model was performed also. The modeling without waveguide reveals another explanation of observed 
phenomena, where refractive index of SWNT polymer matrix on the surface of gold is close to refraction of air. This 
result could be explain by observed high adsorption activity of SWNT, which do not allows a close contact of 
polymer molecules to gold surface. We will also discuss the relation between the evanescent wave and possibility 
for tunneling of electrons from nanotubes to surface of gold.  

The observed phenomena of nanotube-induced angular shift of SPR opens a new possibility for the revealing 
of nanotube fractions existing in material as well as to  real-time registration of nanotubes interactions with another 
objects of study, including biological. 
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Figure 1. Surface plasmon resonance curves for gold film with different 
covering. 1 - pure polymer film, 2 -  matrix polymer-soot, 3 - 5 matrix SWNT-
polymer ( 3 - 20% SWNT, 4 - 40% SWNT, 5 –60% SWNT). 6 - bare gold film. 
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Abstract 

 
Purified and defect free carbon nanotubes have great potential of applications in electronic, 
polymer composites and biological sciences. The removal of impurities (carbon nanoparticles 
and amorphous carbon) is an important step before the CNT applications have been realized1,2. 
In this paper we report the results of FTIR and TGA studies of the impurities present in the 
carbon nanotubes. The multiwalled CNTs were grown using Microwave Plasma Chemical Vapor 
Deposition (MPCVD) technique. Fourier transform infrared (FTIR) studies were carried out in 
the range 400-4000 cm-1 to study the attachment of the impuriteis on carbon nanotubes. FTIR 
spectra of as-grown MWCNTs  shows dominant peaks at 614, 1026, 1372, 1445, 1736, 2362, 
2851, 2925cm-1  which are identified as Si-O, Si, C-N, N-CH3, CNT , C-O, C-Hx  respectively. 
The peaks are sharp and highly intense showing the chemical adsorption nature of the dipole 
bond. The intensity of the peaks due to N-CH3, C-N and C-H reduces after annealing. It is 
interesting to note that these peaks vanish on annealing at high temperature (9000C). The 
presence of C-N peak may imply the doping of the CNTs with N in substitution mode, TGA 
measurements, carried out under argon flow, show that the dominant weight loss of the sample 
occurs in the temperature range 400-600 oC corresponding to the removal of the impurities and 
amorphous carbon. 

 
 

Figure 1(a): FTIR spectra of  carbon nanotubes. (b) SEM image of carbon nanotubes grown on 
Cu foil. 
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High-quality single crystal diamonds have been obtained by microwave plasma chemical vapor deposition 

(CVD) with a very high growth rate, in excess of 100 µm/hr. These diamond crystals, with thickness in the 

millimeter range, were found to have outstanding mechanical properties before and after HPHT annealing (ref. 

1). Characterization was accomplished using scanning electron microscopy (SEM), atomic force microscopy 

(AFM), Raman and photoluminescence spectroscopy, and X-ray diffraction. As-grown diamond crystal surfaces 

show feature rich surfaces with undulating waves consisting of planar slopes and rough terraces using SEM (Fig. 

1) and AFM. These parallel stacking steps have a uniform separation. Analysis of rocking curves obtained by 

X-ray diffraction provides a comparison of the crystal qualities of the seed substrates, CVD layers (Fig. 2), and 

the differences of annealed superhard and ultrahard CVD diamonds. 

 

 
Figure 1. SEM image of typical surface morphology of an as-grown diamond single crystal 
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Figure 2. Rocking curve measurement of a CVD layer. A full width at half-maximum (FWHM) of 0.006° was 

measured, while the seed had a FWHM of 0.005°.  
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Abstract 
There are still some concern about mechanisms of defects transformations and structure of some lattice defects in 
diamonds. This work is performed for better understanding the processes which take place in diamond lattice during 
irradiation and annealing. 

Samples of artificially colored natural and synthetic diamonds were investigated by the means of standard 
gemological equipment (e.g. UV-lamp, microscope) and also VIS-range absorption spectroscopy (at room 
temperature), spectral (at room and liquid nitrogen temperatures) and color cathodoluminescence, and laser induced 
photoluminescence (lasers with wavelengths of 488 nm at the room temperature). Among studied samples there are 
several octahedral natural diamond crystals, synthetic diamond crystals, flat plates cut from natural and synthetic 
diamonds. Several samples (natural octahedral diamond crystal) have undergone annealing at the temperatures of 
1700-1800 degrees C under high pressure (6 GPa) during 5 hours and some samples (octahedral natural diamond 
crystals, natural and synthetic diamond flat plates) were irradiated by protons. Irradiated samples then were annealed 
at the different temperatures in the range of 800-900 degrees C. At every stage spectroscopic data was acquired.  

The color of the annealed samples has changed from brownish to yellow-green. In the absorption spectra of the 
annealed samples there were viewed increasing of 415 nm line (N3-center) and appearing of 503 nm line (H3-
center). In the laser photoluminescence spectra of the annealed diamonds there were viewed appearing of intense 
H3-center line at 503 nm. Images of the color cathodoluminescence of the annealed samples revealed changing of 
color (from blue to green) in the luminescence. 

The color of the irradiated samples has changed to green for natural diamonds and to greenish-yellow for synthetic 
diamonds. In the absorption spectra of the irradiated samples there were viewed appearing of 503 nm line (H3-
center). Images of the color cathodoluminescence of the irradiated natural diamond samples revealed no changing of 
color and distribution of  luminescence (remain blue). Images of the color cathodoluminescence of the irradiated 
synthetic diamond samples revealed changing of the intensity of luminescence: weakening of red 
cathodoluminescence. 

Acquired data provide a useful information on causes of diamond color, mechanism of the transformation and 
stability of lattice defects in diamonds and can be useful for gemologists in the identification of annealed and 
irradiated diamonds. 
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Abstract 
Knowing the thermal conductivity of a material is important for the successful design and implementation of any 
thermal management application. A special challenge however is the experimental determination of the thermal 
conductivity of highly thermal conductive materials such as diamond, which are synthesized in the form of thin 
films. Not only may the thin film’s thermal conductivity significantly differ from well-established literature values 
for the bulk material. It may also strongly depend on the particular synthesis conditions. For example, chemical 
vapor deposited diamond thin films exhibit a wide process depending range of microstructures with crystal 
dimensions from a few nanometers to several hundreds of micrometers. The grain boundary density and therefore 
potential sites for thermal wave scattering vary accordingly. 

With diamond thin films becoming increasingly important for high-power and high-speed electronics applications 
we are developing an experimental technique to measure the thermal conductivity of these films. One such 
technology is the so-called 3-Omega method [1]. This method can be applied to measure the thermal conductivity of 
dielectric materials and requires depositing a conductive pattern to the surface of the film, which may be 
accomplished via a lithographic process. For example, in our case we use a 5 nm chromium interface to promote the 
adhesion of a 200 nm silver layer. Applying a lift-off masking process, structures were generated as shown in Fig.1. 

 

 
Fig.1 Heater / thermometer electrode structures 

The metal pattern consist of a thin line (5 – 20 µm, depending on lithographic capabilities) functioning as 
heater/thermometer, whereas the 1 mm2 large squares serve as contact pads.. The, for the analysis necessary, dR/dT 
curves of the heater/thermometer structures are measured by applying a 2.5ºC/min temperature ramp up to 150ºC. 
The values are recorded during rising and falling temperatures and the procedure is repeated twice for each sample 
to ensure that the samples are properly annealed. 

A current at the angular frequency ω is applied to the thin line, which generates a temperature oscillation ∆T at a 
frequency of 3ω. The driving frequency dependence of this temperature oscillation can be determined by measuring 
the first and third harmonic voltages, the dR/dT curve and the average resistance of the heater/thermometer. The 
thermal conductivity of the dielectric material can then be determined by fitting the solution of the appropriate heat 
conduction equation to the experimental data. For the particular geometry of a thin heater/thermometer line Cahill 
[1] developed an efficient method to allow for a straight forward linear approximation.  

However, this linear approximation is limited to the lower frequency range (up to kHz, depending on material), 
where the penetration depth of the thermal wave is significantly larger than the width of the heater/thermometer. 
Simultaneously the penetration depth of the thermal wave, which is proportional to the square root of the thermal 



conductivity, has to be smaller than the film thickness to avoid substrate effects. These conditions can be 
summarized as follows: 

 thicknessfilm widthline <<=<<
Ci

s
ωρ
λ

 (1) 

Expression (1) illustrates the difficulties that arise for measuring thin and highly thermal conductive films. Keeping 
the thermal penetration depth s smaller than the film thickness requires using higher frequencies ω, which in return 
requires an even smaller line width. For example, a 5 µm diamond film would require more than 8 MHz to keep the 
thermal penetration depth just under 5 µm, and the heater/thermometer should be much narrower than 5 µm, which 
makes it more difficult to produce.  

In this paper we address the specific challenges of the method for measuring highly conductive thin films by 
extending the applied frequency into the MHz range as well as analyzing the measured data beyond the low 
frequency limit by fitting to the complete solution of the thermal conductivity equation rather than to the linear 
fraction of it. Fig. 2 demonstrates the capability of the setup for SiO2 measurements.  
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Fig. 2 Temperature versus frequency for SiO2 films on silicon 

 

The SiO2 layers shown above demonstrate the capability of our set-up to measure up to 1 MHz driving frequency. 
The three SiO2 films of different thicknesses (1.2 µm, 2.4 µm and 3.0 µm) indicate that the thermal conductivity (λ 
= 1 W/(m K)) is independent of film thickness.  

Our current driving frequency limit of 1 MHz is determined by the cable length between the probes and the 
compensating measurement circuitry. Currently we are measuring diamond films as thin as ≈ 15 µm. A redesigned 
probing head is under development and will enable to apply this 3-Omega technique to even thinner diamond films.     
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OBSERVATION OF STRUCTURAL CHANGES IN CARBON 
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The carbon films obtained by the method of plasma chemical deposition from the 
multicomponent stream of ionized particles on the various substrates surface are investigated. 
The photographs obtained with the help of electron microscope evidenced rising on the film 
surface the structural formations looks like direct parallel lines. The charge accumulation takes 
place apparently along these lines. When the film is exposed to the local thermal impact the 
micro tube-like structural peculiarities are formed along these lines. Observed peculiarities 
possess by the periodic structure with the well-defined constant period for both along the 
formations and between the formations itself.  
 
The analysis of obtained results evidenced the possibility of coincidence of lines of charge 
accumulation with the micro tube-like formations. It is important to emphasize that the 
parameters of micro tube-like formations, that is their period and linear dimensions are 
controlled only by operating practices details and are independent on the type of external 
influence Fig.1.  
 
The investigation of volt-ampere characteristics of sandwich-like structures on the base of Metal 
-carbon film-Si reveals the availability of irreversible breakdowns (Fig 2) connected apparently 
with structural changes. These changes are observed with the help of microscope and 
conditioned apparently by the strong electric field (~105-106 V/sm) influence.  
 
Thus the the possibility to obtain the controlled micro and nano formation both on the surface 
and in the bulk of carbon films at the their deposition from multi component ion stream is 
established. 
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Abstract 
MEMS resonators, currently made out of poly-Si [1], have potential applications in the areas of RFMEMS, 

resonant sensors and MEMS oscillators. However, due to material limitations of poly-Si resonators, new materials 
such as polycrystalline diamond (poly-C) offer an excellent alternate [2,3]. The goal of this work is to develop a 
reliable and reproducible poly-C resonator technology for possible applications in resonant sensors and MEMS 
oscillators, benefiting from carbon based micro and nano technologies developed at Michigan State University [4].  
The poly-C resonators, fabricated at MSU are tested using electrostatic (MSU) and piezoelectric (Sandia National 
Laboratories) actuation methods.  

FABRICATION TECHNOLOGY 
Continuous poly-C films with low surface roughness and high quality (indicated by high sp3/sp2 ratios) affect 

the resonator performance. A better control of nucleation density along with deposition parameters can help produce 
high quality poly-C films [4]. An earlier study [3] showed the influence of growth temperature and diamond powder 
size on the poly-C film quality. Higher growth temperatures typically lead to better film quality but rough surface. 
The seeding was provided by nanodiamond particles (10 - 50 nm) leading to a nucleation density of 1 x 1011 cm-2. 
The poly-C films, with surface roughness in the range of 18-23 nm, were patterned using dry etching. This work 
includes the comparison between poly-C films grown in different environments. One set of samples were grown in 
MPCVD in the temperature range of 600-650 °C using 1.5% CH4 in hydrogen, and the other were grown in the 
same temperature range but using a gas mixture of Ar/H2/CH4 (100:2:1) . 

Sidewall Roughness 
Another important point is the sidewall roughness resulting from dry etching, which depends on the grain size 

of the poly-C film. It has been reported that the optimum diamond grain size can be controlled by adjusting the flow 
rate of Ar/H2 in the MPCVD reaction chamber [5,6]. Poly-C films were grown in a gas mixture using Ar/H2/CH4 
plasma. The sidewall smoothness of the fabricated resonator structures using the new films are compared to that of 
earlier results (poly-C films grown in H2 plasma) as shown in figure 1. The results show a smoother film sidewall 
for poly-C films grown in Ar/H2/CH4 plasma. These results are reported for the first time.  

TESTING 
The previous studies of poly-C resonator technology [3] with minimum feature sizes in the range of 1 - 2 μm 

led to an excellent quality of released structures. These structures have now been excited using electrostatic 
actuation and the initial results are shown in figure 2. Bridges and comb-drive structures have been tested. The 
frequencies and quality factors are in the range of 0.303 – 2.09 MHz and 1,000 - 1,500, respectively. Currently, the 
samples are being measured at Sandia National Laboratories using piezoelectric actuation. The results from these 
measurements will be compared with the results obtained by using electrostatic actuation.  
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Figure 2 Testing results for a poly-C bridge (a), and a comb-drive resonator (b).  
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Abstract 
Multiwall carbon nanotubes (MWCNT), with number of wall layers in range of 5 - 30 and lengths up to 500 
micrometers are synthesized by microwave plasma enhanced chemical vapor deposition (MPCVD) using evaporated 
multi-layer Fe catalyst. The growth of MWCNT inside a deep reactive ion etched (DRIE) Si channel of the pre-
concentrator focuser (PCF) section of an on-chip micro gas chromatograph (µGC) is reported for the first time by 
applying the catalyst selectively in the channels. A MWCNT based chemical nanosensor has also been fabricated 
using the same technology and initial test results are reported. 

CARBON NANOTUBE TECHNOLOGY FOR µGC CHANNELS 
An intensive study of tube density, diameter and catalyst application led to the selection of Fe/Ti (10 nm/10nm) 
double layer, evaporated on p-type Si wafers, for growth of high quality multiwall carbon nanotubes (MWCNT). 
While Fe serves a catalyst, the Ti layer provides a diffusion barrier. The samples were treated in hydrogen plasma 
for 10 minutes at 40 torr using H2 flow rate of 20 sccm before increasing the microwave power to 1800 W. After the 
hydrogen plasma treatment, the MWCNT were grown at 650 oC by introducing CH4 at a flow rate of 10 sccm into 
the growth chamber. The growth rate was approximately 10 micro-meters per minute [3]. 

The preconcentrator channels were fabricated in Si by deep reactive ion etching (DRIE) as shown in Figure 1(a) 
followed by evaporation of Fe/Ti (10 nm/10nm) double layer at 5x10-6 torr. Photoresist, left at the top of the 
channels after DRIE, was used to lift off the unwanted metal layers on the top surface of Si channels.  After a 
MWCNT growth time of 15 minutes in the channels the sample was cooled down to room temperature in vacuum 
[1] [2]. Figure 1(b-d) shows the sample after the growth. The tube length and density are approximately 50 µm and 
4.2x109 cm-2, respectively. The TEM pictures (JEOL 2010F field emission TEM), indicating number of wall layers 
in the range of 5 – 10 and shown in Fig. 1(e-f), were taken on a separate set of samples.  

CARBON NANOTUBE NANOSENSOR TECHNOLOGY 

The sensor structure was fabricated on a quartz substrate using growth conditions described above. The Fe/Ti metal 
layer was patterned to form the electrodes separated by 200 µm. As the tubes are 400 µm tall, the tubes from the 
neighboring electrodes overlap to form the sensor structure as shown in Figure 2(a).   

Sensor Testing 

The fabricated sensor was placed on a temperature-controlled stage inside a high vacuum chamber kept at 2x10-7 
torr. The surface temperature of the sensor structure was measured by a K type thermocouple. A Keithley 2010 
multimeter was used to monitor the resistance change of the sensor and a HP 4140B pA meter/ DC voltage source 
was used to characterize the current-voltage (I-V) characteristics. Figure 2(b) shows the response of the sensor after 
exposure to acetone in air at room temperature, indicating shorter response times than those reported in the literature 
[4]. The resistance of the exposed sample decreases below that of the control sample. Figure 2(c) shows the I-V 
characteristics of the sensor structure in vacuum at 25 oC. The structure shows a linear current-voltage response 
which indicates there is no junction between the MWCNT and the metal electrode [5]. Figure 2(d) shows the 
resistance- temperature response of the sensor structure in vacuum. When the sample was heated up, the pressure 
inside the vacuum chamber increased from 2x10-7 torr to 1x10-6 torr. A resistance hysteresis was also observed 
during the temperature cycle. This phenomenon appeared even after 48 hours inside the vacuum chamber and two 
temperature cycles. 
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Figure 1 (a) - (d) SEM of the PCF; (e),(f) 
TEM of the MWCNT. 

Figure 2  (a) SEM of the sensor; (b) Resistance 
measurement in air, (c) I-V characteristic, (d) Resistance- 
Temperature response of the sensor in vacuum. 
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Abstract 
 

A high performance piezoelectric film, such as Aluminum nitride (AlN), combined with high acoustic wave velocity 
substrate, such as diamond, is a promising for applications as high frequency SAW devices. However, the growth of 
high quality AlN on diamond is a great challenge. The diamonds by microwave plasma enhanced chemical vapor 
deposition (MPECVD) technique usually possess faceted grains with very rough surface, which is not suitable for 
growing the piezoelectric AlN thin films. Polishing the diamond films is extremely difficult due to their hardness. 
Diamond films with smoother surface are thus urgently needed. In this work, we first grow diamond films using 
CH4/Ar plasma to result in a diamond film with very small grain size (< 10 nm), the ultra-nano-crystalline films 
(UNCD). Then we grow high quality AlN thin films on UNCD, using Ti-buffer layer (10 nm to 200 nm) for 
enhancing the adhesion of the AlN on UNCD. By tunning the Ti-buffer layer and AlN deposition parameters, c-axis 
oriented AlN with a thickness of 1 µm were obtained by reactive RF-sputtering technique. The column structured 
AlN grains were grown, with c-axis oriented almost perpendicular to the diamond surface. AFM showed the average 
surface roughness (Ra) was less than 20 nm. The AlN/Ti/UNCD materials show good potential for SAW device 
applications. 

 

 
Figure 1. Diamond surface after polishing by diamond polishing paper. 
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Figure 2. XRD of AlN on diamond and different Ti buffer layer. 
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Abstract 
We present the design and fabrication of a MEMS platform that enables observation of fracture events, a 
propagating crack, in a model multi-walled carbon nanotube (MWCNT)-PMMA composite system. Preliminary 
results indicate that cracks can be driven large distances (~1 µm) in a 200 nm thick PMMA thin film.     

INTRODUCTION 
The exceptional mechanical properties of carbon nanotubes (CNTs) make them excellent candidates for use as a 
reinforcing phase in polymer composite systems.  However, in order to realize the true potential of these polymer 
composites a better understanding of the CNT-polymer interaction and load transfer characteristics needs to be 
developed. Previous attempts to characterize the reinforcement mechanisms of CNTs in polymer matrices have 
studied CNTs protruding from composite fracture surfaces created by local heating from a focused TEM electron 
beam. [1],[2] However, this method is limited because one can not image the fracture event while simultaneously 
driving the crack with the focused electron beam. Here, we present the design and fabrication of a MEMS platform 
that enables the simultaneous imaging and driving of a crack in a MWCNT-PMMA composite sample. 

Device Design 
The MEMS platform, Figure 1, consists of two major components: the MWCNT-PMMA composite sample and a 
micromachined heater fabricated on a silicon nitride membrane. The composite sample was assembled on top of the 
MEMS heater using the composite electric field guided assembly method (CEGA) developed by Chung et al.[3] 
This method allows for the fabrication of an aligned MWCNT array whose spacing is readily controlled by changing 
the ratio of a dc to ac electric field components.  Once the MWCNT array is deposited, a thin PMMA layer is spun 
on the device, thereby forming a composite sample whose structure is well defined.    

The MEMS platform also contains a micro-heater that is integrated into the substrate supporting the composite 
sample.  The micro-heater locally heats the sample causing a steep temperature gradient, which supplies the 
necessary thermal stress to drive crack propagation. The micro-heater is fabricated out of a thin metal film and uses 
Joule heating.  The heater has a serpentine layout, Figure 1, to maximize the surface area in contact with the polymer 
film. Finite element modeling (FEMLAB; Comsol, Inc.) of the micro-heater shows that a local temperature of 350ºC 
(a temperature that is sufficient to degrade the structure of the polymer) can be achieved with an applied potential of 
50 V. The low profile, planar design of the MEMS platform allows for observation of fracture events in either a 
transmission electron microscope (TEM) or an atomic force microscope (AFM).   

Fabrication 
The fabrication of the MEMS platform is a multi-step process that makes use of conventional surface 
micromachining techniques.  The MEMS platform uses a 200µm thick single crystal silicon (p-type with <100> 
orientation) as a substrate.  First a 200 nm thick thermal silicon dioxide film, and then a 50 nm thick LPCVD low 
stress silicon nitride film, is grown on the silicon substrate. These films in combination serve as a masking layer 
during the KOH anisotropic etch process and as a membrane to support the PMMA during the fabrication of the 
composite sample.  Optical lithography is used to define the specimen window on the backside of the silicon 
substrate, and the pattern is transferred into the wafer using reactive ion etching (RIE).  A through wafer window is 
formed by anisotropic etching of the silicon substrate using 45% (by volume) KOH solution at 95ºC for 
approximately 3 hours. The specimen window is necessary to allow for observation of the composite sample in the 
TEM and improves the efficiency of the micro-heater. Optical lithography with backside alignment is then used to 
define two sets of electrodes: one set is used by the micro-heater and the other is used in the deposition of the 



MWCNT array. A thin chromium/gold (10/20nm) metal film is then deposited by electron-beam evaporation, and 
lift-off of the photoresist layer using acetone leaves the desired metal electrodes. Electron-beam lithography of a bi-
layer resist (PMMA - Microchem Nano 495/Copolymer – Microchem MMA 8.5) is then used to form the serpentine 
shape of the micro-heater. A 30 nm thick chromium film is then deposited, and the heater is defined by lifting off the 
resist layer using acetone.           

The composite sample is fabricated on top of the nanoscale heater by first depositing MWCNTs (previously grown 
by an arc-discharge method [4]) across opposing electrodes using the CEGA method. Once the MWCNTs are 
deposited, a PMMA polymer layer (Molecular Weight of 495k) is spin coated on the device, forming the composite 
sample.  The final step is to pattern a pre-notch into the PMMA film using electron beam lithography.  The pre-
notch provides an initial crack where the thermal stress is maximized and provides a marker for the observation of 
crack propagation.  

Conclusion 
The observation of a propagating crack in this MWCNT-PMMA composite sample provides qualitative information 
about the reinforcement mechanisms of carbon nanotubes in polymer matrices.  This approach may be useful in the 
future for developing a deeper understanding of the composite at the local (nanoscale) level.  Preliminary results 
indicate that cracks can be driven large distances (~1 µm) in a 200 nm thick PMMA film using this device.     
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SILICON CARBIDE SAMPLES FOR CVD DIAMOND FILM DEPOSITION 
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Abstract 

The diamond obtained by CVD (chemical vapor deposition) presents a high capacity of 
transmission of the sound.  The sound speed in the diamond film is of the order of 18.000 m/s, 
while, by example, the sound speed in the aluminum is 6.420 m/s [1].  That proprierty permits the 
application of in “rastilhos”* of musical instruments of chord for the transmission of sound.  For 
so much to first phase of preparation of the substrate was the cut of the SiC bulks, followed by 
the preparation of the surfaces by means of scratch and scouring in order to a good adhesion of 
the film.  The CVD diamond film was deposited, on the substrates, utilizing hot filament reactor 
doing use of a hidrogênio and methane mixture.  Parallel it was carried out a study about the 
capture of the sound and an exit wave analysis.  In this phase, was utilized a spanish guitar which 
had his sonorous waves grasped by a microphone, these were visualized in an oscilloscope.  The 
waves presented a very irregular form compared with a sinusidal wave.  For it improve the 
viewing of the wave, was necessary the use electronic screens, that permitted the isolation of the 
fundamental harmonic one that interested.   
 
* Piece that transmits the vibration of the spanish guitar chords for the acoustic box. 
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Abstract 

CVD diamond film on the surface of Ti6Al4V alloy will increase its lifetime. The diamond films 
were deposited in hot filament reactor with various methane and hydrogen concentration, in order 
to study the adherence between film and substrate. Raman Scattering Spectroscopy evaluated 
film quality, purity cristallinity and total stress. Thermal stress was evaluated from the calculus of 
thermal expansion coefficient of the film and of the alloy from room temperature to growth 
temperature. Intrinsic stress was calculated considering the difference between the total and the 
thermal stresses. Adherence tests were done with indentation technique and studied by Scanning 
Electron Microscopy. Its can observe a strong dependence with the sample preparation technique. 
Best results in terms of the film quality are obtained for a methane concentration ranging from 
0.5% vol. to 1.0% vol. in hydrogen. The diamond films obtained have compressive stress and 
good adherence. 
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Abstract 

Utilizing Chemical Vapor Deposition(CVD) is possible deposit a film of diamond on the surface 
of dental implants.  The diamond by be an organic material, him confers the states of 
biocompatible and hemocompatible, being these of extreme importance you dental implant, deeds 
of titanium and its alloys, enabling diminish the symptoms of rejection. On the samples of dental 
implants with titanium they were deeds cleaning from the surface with oxalic acid and afterwards 
with ultra-sound, and determination from the morphology from the surface of the body of test  
with observations by scanning electronic microscope and optic. The surface of the prepared 
substrate had its composition analyzed by X-Rays diffraction and Energy Dispersive X-
Rays(EDX).  CVD diamond film was deposited by  hot filament reactor assisted technique. After 
deposition, analysis were carried out using Scanning Electronic Microscope, X-rays diffraction 
and Scattering  Raman Spectroscopy. The results showed a good adhesion of the CVD diamond 
film on the surface of dental implants. 
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Stainless steel stents commonly used for surgical percutaneous transluminal coronary angioplasty 
have been coated with diamond like carbon (DLC), DLC with Si-sub-layer and with Si-doped 
DLC; and have been examined after balloon expansion for material coating durability, haemo-
compatibility and endothelialisation potential. The surface energy of the coatings, the thin solid 
film coating adhesion to SS, crack propagation based on Weibull-like analysis of these coatings 
show changes under tensile forces of clinical balloon expansion. The haemocompatibility was 
examined by assessing the growth, adhesion and proliferation of human micro-vascular endothe-
lial cells (HMECs) on the stents standing in 3-dimensional geometry inside test tubes containing 
HMECs in suspension for ~ 6 hrs (‘upper limit time scale’ for cell attachment). It seems that 
HMECs attach to the stents mesh at certain distances apart following expansion (Fig. 1) in order 
to successfully form tubes necessary for re-vascularisation, endothelialisation and for preventing 
re-stenosis. Endothelialisation of the stent’s 2/3-dimensional side walls is desirable but at same 
time any ‘cross bridges’ or tissue tending to form across the stent tubulule (central/long axis or 
diameter) is unwanted since this could encourage tissue hyperplasia, narrowing and in-stent 
restenosis. Both the tubular diameter/cross-section of the non-expanded and expanded stents if 
wide enough should not encourage this process. The mechanical and micro-structural properties 
of the stent material and/ or the coating are important consideration. It is desirable that the stent 
materials and/ or coating materials are malleable enough (and that the coating has good substrate 
adhesion and minimal intrinsic stress) such that on balloon expansion the surface properties are 
not greatly altered and the micro-cracks forming on the thin solid film coatings are minimal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: SEM image of HMEC tube formation on SS-Stent coated with Si-sub-layer-DLC thin 
solid films. 
 
The thin solid film coatings were done under RF 13.56MHz PECVD system with acetlylene, Ar-
gon and Tetramethylsilane feed gases. XPS, Raman, SEM, contact angle and statistical analysis 
were done. 
 
Keywords: DLC, Stents, endothelial cells, adhesion, micro-vessels/tube formation 
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ABSTRACT 

 
Fundamental understanding of the chemistry and bonding configuration of materials at 
or near surfaces, particularly at tribological interfaces, is absolutely essential to build 
reliable MEMS and NEMS devices that involve rolling and/or sliding contacts. 
Ultrananocrystalline diamond (UNCD) and tetrahedral amorphous carbon (ta-C) thin 
films have exceptional physical, chemical and tribological properties at the macroscale, 
nearly equivalent to those of single crystal diamond, and are promising materials for 
high performance MEMS and NEMS devices1,2.  However, little is known about the 
surface chemistry of these materials, and how it changes with different processing 
conditions.  In our previous studies on UNCD thin films, we have devised methods to 
control the surface chemistry at the tribological interface through hydrogen termination, 
which significantly improves its nanotribological properties3. We will review these results 
and discuss the effect of other chemical termination schemes such as fluorine and 
hydroxyl groups. We will also report the first comprehensive study of the surface 
chemistry and nanotribology for as-deposited, furnace-annealed, and laser-annealed ta-
C. This is particularly of interest because it is known that as-deposited ta-C possesses 
high residual stress, and full stress relief is achieved by post-annealing at approximately 
650oC. However, no detailed experimental studies have been performed to understand 
the surface chemistry and bonding configuration of these ta-C films after annealing, 
which most likely will affect the nanotrbological properties as well. We present our 
approach using a combination of synchrotron-based near-edge X-ray absorption fine 
structure (NEXAFS) spectroscopy, X-ray photoelectron spectroscopy (XPS), and atomic 
force microscopy (AFM) techniques to understand surface chemistry, bonding 
configuration and nanotribological properties of these materials. We show that there are 
subtle and correlated changes in the surface chemistry, the ratio of sp2- and sp3-bonded 
carbon, and the local and long-range order on the surface and in the sub-surface region 
of ta-C. We also show how it changes with different annealing methods used (Figure 
1(a) and (b)). The nanoscale friction and adhesion also changes as these materials 
undergo different processing conditions.  
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Figure 1: NEXAFS spectra of ta-C at C 1s absorption edge (a)as-deposited and (b) after furnace 
annealing treatment recorded in electron yield and florescence yield mode. 
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IN SITU NANOINDENTATION OF ULTRANANOCRYSTALLINE DIAMOND 
AND AMORPHOUS DIAMOND THIN FILM COATINGS 
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Ultrananocystalline diamond (UNCD) and amorphous diamond (a-D) thin films have great 
potential to be used as surface coatings and as structural layers to fabricate 
microelectromechanical systems (MEMS) devices in general and biodevices in particular due to 
their superior mechanical properties, biocompatibility and excellent conformality in the case of 
UNCD films. Nanoindentation is accepted as the most useful technique to study localized 
mechanical phenomena in materials of thin film form. However, the mechanisms of deformation 
can only be inferred from the load-displacement data obtained during a typical instrumented 
nanoindentation test.  

In order to elucidate the underlying physics of the mechanical deformation process in these 
materials, we have utilized the technique of in-situ nanoindentation in a transmission electron 
microscope (TEM). With this technique, a voltage-actuated piezoceramic tube is used to position 
a sharp diamond in-plane with the edge of an electron transparent sample. The tip is driven into 
the material in order to induce deformation and the corresponding response is observed in real 
time and at high spatial resolution.  

In this presentation, we will discuss our observations of the indentation of both UNCD and a-D 
thin films deposited onto bulk micromachined silicon substrates. The use of micromachined 
substrates to provide electron-transparent samples is critically necessary for the evaluation of 
these diamond films, since ion-milling converts sp3-bonded carbon to sp2-bonded. Both thin 
films show an ideal combination of strength and compliance during elastic loading. In each case, 
we find that the high stresses induced by the indenter are effectively transferred to the substrate, 
resulting in room temperature dislocation plasiticity in the underlying silicon substrate (Figure 
1). Figure 2 presents data from instrumented indentation tests of these same films. A pop-in 
event is observed at a displacement of approximately 50 – 60 nm indentation depth, 
corresponding to the depth at which dislocation plasticity is induced.). Upon removal of the 
indenter, no permanent deformation or large-scale fracture of the films is observed, indicating 
that both a-D and UNCD are particularly effective as ‘hard’ coatings. 



 

Figure 1. (a) Cross section TEM image of an amorphous diamond thin film coating on silicon, prior to 
indentation (b) initial elastic indentation (c) dislocation plasticity induced in the underlying silicon substrate (d) 

permanent deformation in the substrate following removal of the indenter tip. 

 

Figure 2. Load-displacement data from instrumented indetation tests of both a-D and UNCD films on silicon 
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Abstract 
Visible Raman spectroscopy was used to investigate structural changes in diamondlike carbon films worn against 
steel and diamondlike carbon-coated counterfaces at temperatures ranging from -40°C to +20°C.  The shape of the D 
and G peaks remained approximately constant in the worn areas of the film, but once the film had worn away the 
peak shapes in the wear debris spectra were much sharper.  This indicates little or no change in crystallinity with 
wear until the film is removed, when it becomes more crystalline.  The ratio of D to G peak height and area in the 
worn areas remained approximately constant as well, indicating little change in overall structure (Figure 1).  These 
phenomena were independent of wear test temperature or counterface material.  This was not expected, since the 
predominant wear mechanism changed markedly with temperature and counterface material, as shown by changes in 
wear rate, friction coefficient, and wear track morphology [1].  However, changes in photoluminescent background 
may indicate more subtle structural or compositional changes taking place during the wear process [2].  These bear 
directly on the functionality of these and similar films for low-temperature unlubricated tribological applications. 
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Figure 1.  Raman D/G peak area ratios for DLC film worn with different counterfaces and temperatures, 
compared to unworn film. 
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Abstract 
Conductive polycrystalline diamond films are desirable for a variety of high temperature and high power 
applications due to their high thermal conductivities, approaching the 20 W/cm-ºK of natural diamond.  P-type 
diamond films may be produced by introducing boron as a dopant during growth by chemical vapor deposition 
(CVD). These films have properties which make them ideal for both passivation layers and ohmic contacts when a 
thin layer of p-type diamond is grown on top of non-conductive diamond.  Applications in electronic devices that 
benefit from these films include passives, electromechanical devices, switches, integrated circuits, sensors and 
diamond heat spreaders [1]. 

Diamond films were produced in a 1.5 kW ASTEX system by Microwave Plasma Enhanced Chemical Vapor 
Deposition (MWCVD).  Microwave power was 900 W and methane concentration in hydrogen was approximately 
0.25%.  Pressure was 25 mtorr and the substrate was heated to approximately 670 ºC.  Boric acid dissolved in 
methanol was used as a dopant source and was delivered by bubbling hydrogen through a system of two bubblers in 
series.  The head pressure of the bubblers was regulated at approximately 150 torr.  The hydrogen flow rate was 
varied from 2.5 to 15 sccm to adjust the dopant concentration.  Boron concentration was measured by Secondary Ion 
Mass Spectroscopy.  Film thicknesses of approximately 15,000 Å were measured using a Dektak3ST surface 
profiler.  Film morphology was examined using scanning electron microscopy.  Resistivity measurements were 
performed using the transmission line technique where the resistance is measured between two patterned contacts. 
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Abstract 
Free standing 10B isotope doped diamond films deposited by chemical vapor deposition in a 
microwave chamber were irradiated to thermal neutron fluence values of 0.32x1019, 0.65x1019, 
1.3x1019, and 2.6x1019 n/cm2. Cooling of the diamond films was maintained during irradiation.  
Neutron irradiation to a fluence of 1020 n/cm2 of fast and thermal neutrons was also performed on 
a diamond epilayer without cooling. The films were characterized by Raman, FTIR, and 
photoluminescence spectroscopy for defect generation and non-diamond phase formation. The 
crystalline quality of diamond was characterized by X-ray diffraction. Electrical characterization 
was performed by measuring conductivity over the temperature range of 150 to 630 K using Van 
der Pauw set up. It is concluded that transmutation of 10B to 7Li can be carried out without the 
formation of irrecoverable damage by irradiation with low fast neutron and high thermal flux and 
continuous cooling of diamond films.  
Characterization by spectroscopy 
It was found that defect configurations in diamond responsible for increase in continuum back 
ground in the one-phonon region of Raman spectrum were absent in the films that have been 
cooled during irradiation, as shown in figure 1. Absence of characteristic infrared absorption 
peaks that were observed only upon annealing neutron-irradiated diamond is used to conclude 
that the temperature of the samples during irradiation was well below that needed for mobility of 
defects and accumulation of stable unrecoverable damage. On the other hand, results from 
diamond epilayer subjected to equal thermal and fast neutron fluence close to 1020 n/cm2 and 
without cooling showed that defects formed from displaced carbon atoms become mobile and 
form complex configurations of irrecoverable damage. The temperature rise in the neutron-
irradiated sample from transmutation was modeled and found to reach high values in the absence 
of cooling and as a result of reduced thermal conductivity of diamond.  
Electrical characterization 
From the measurement of electrical conductance of the unirradiated and 400 hr and 800 hr 
irradiated diamond samples, a decrease in conductance with lower value of activation energy was 
observed in the irradiated samples compared to that in the unirradiated, as shown in figure 2 [1]. 
The electrical conductivity could not be associated with a single activation process and it is 
thought to arise from different mechanisms. Further detailed characterization and annealing of 
the irradiated sample is continued.  
 



 
Figure 1. Raman spectrum from the unirrdiated and neutron irradiated samples with a thermal 
flux of 9.0x1012 n.cm-2s-1 and different irradiation periods is shown. Fluence values are given in 
the text. 
 

 
Figure 2. Electrical conductance of 800 hr neutron irradiated sample of 10B isotope doped 
diamond sample. 
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Abstract 
The fabrication and the characterization of a high quality CVD single crystal diamond UV/VUV photodetector is 
reported. Such a device was tested over a very wide spectral range, from the extreme UV (20 nm) up to the near IR 
region (2400 nm).  

Different experimental setup were adopted. An Optical Parametric Oscillator (OPO) tunable laser was used to 
investigate the 210-2400 nm region in pulse mode. In this region the spectral response shows an UV to visible 
contrast of about 6 order of magnitude. A fast time response of at least 5 ns, i.e. the laser pulse duration, was 
observed.  

A vacuum monochromator with a deuterium lamp was used to measure the device responsivity in the 120-250 nm 
spectral range in a continuous mode. DC gas discharge sources in the extreme UV region and a toroidal grating 
vacuum monochromator were used to measure the device response down to 20 nm. In both cases, device time 
response lower then 0.2 s was measured, which is the minimum acquisition time allowed by the used electronics.  

In all measurements neither persistent photoconductivity nor undesirable pumping effects were observed so that 
extremely good stability and reproducibility of the device response were obtained. 

INTRODUCTION 
Due to its outstanding physical properties, diamond is an ideal candidate for a number of technological and 
commercial applications, in which extreme operating conditions are required. Indeed, diamond based devices have 
been shown to withstand harsh environments, high temperatures, high ionizing particle fluxes as well as intense 
X-Rays and Vacuum Ultraviolet (VUV) irradiation [1,2]. In particular a radiation hard and visible blind detector 
with a good responsivity in the VUV region is a relevant issue in both astrophysics and nuclear fusion experiments. 
At present, such practical applications are prevented either by the relative poor quality of polycrystalline diamond 
films or the very high cost and rareness of detector grade natural diamonds. This is why a great effort is now being 
devoted from a number of research groups in order to produce high quality single crystal CVD diamond films.  

EXPERIMENTAL AND RESULT  
A 150 µm thick single crystal diamond film was deposited by Microwave CVD on a 5×4×0.3 mm3 (100) oriented 
(HPHT) diamond substrate. A UV photodetector was then realized by depositing interdigitated Al contacts on the 
CVD diamond surface by a standard photolithographic process.  

The obtained device was than tested in the 210-2400 nm spectral range using an Optical Parametric Oscillator 
(OPO) tunable laser as light source (Opolette by Opotek), producing 5 ns pulses. In the 120-250 nm spectral range 
the device responsivity was measured in continuous mode (DC) by using a deuterium lamp and a 0.5 m vacuum 
monochromator (McPherson 280). In the extreme UV region a He DC gas discharge source and a toroidal grating 
vacuum monochromator (Jobin Yvon LHT-30) with 5Å wavelength resolution were used.  

In Fig. 1 the normalized responsivity is reported as a function of the incident laser radiation wavelength in the case 
of 100 V applied bias voltage. The detector shows more than five order of magnitude visible/UV rejection ratio and 
a very sharp drop of about 104 is observed in correspondence of the 225 nm diamond energy gap. At wavelengths 



greater than 1300 nm the responsivity becomes lower than our detectable limit. It should be pointed out that the 
detector response is stable and highly reproducible, so that undesirable effect such as pumping or memory effects 
under irradiation could be excluded.  

The vacuum UV and extreme UV spectral ranges were then extensively investigated using the above described 
experimental setup. As an example, the emission spectrum of a DC discharge He lamp is reported in Fig. 2, as 
measured by our single crystal diamond photodetector in the 20-65 nm interval. The He+ 25.6 nm and 30.4 nm as 
well as the He++ 58.4 nm emission lines are clearly detected, assessing a very good detection capability of the device 
even in this extreme UV spectral region. 

In the inset of Fig. 2 the response to t=20 s irradiation intervals, at the wavelength of the 58.4 nm He++ emission line, 
are reported using four different detector bias voltages. It’s worth noting that a very good signal to noise ratio is 
obtained even at bias voltages as low as 1 V. The rise time, which was estimated to be about 4 s, and the decay time, 
about 5 s, are completely ascribed to the electrometer preamplifier time constants. By properly choosing the 
instrument current scale, an upper limit of about 0.2 s can be derived for the diamond device time response, even 
though the real value is expected to be considerably lower. 

CONCLUSIONS 
A CVD single crystal diamond UV/VUV photodetector was fabricated and tested over a very wide spectral range, 
from the extreme UV (20 nm) up to the near IR region (2400 nm). 

In pulsed mode, a fast time response of at least 5 ns, i.e. the laser pulse duration, was observed. A time response 
lower then 0.2 s was measured in continuous mode, which is the minimum acquisition time allowed by the used 
electronics. In particular, a He lamp spectrum in the 20-65 nm range was clearly detected with a very good signal to 
noise ratio. 

In all measurements no persistent photoconductivity nor undesirable pumping or memory effects were observed, so 
that extremely good stability and reproducibility of the device response were obtained.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Normalized responsivity in pulsed mode as a 
function of the incident wavelength (full plot). 
Responsivity of the detector as a function intensity at 
220 nm (inset). 

Figure 2 He spectrum in the 20-65 nm range as 
measured by the CVD single crystal detector (full plot). 
Photocurrent at 58.4nm for different bias voltages 
(inset). The rise and decay time are completely ascribed 
to the electrometer time constants. 
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Abstract 
Diamond represents a paramount material for applications involving the use of radiations and electron beams of 
high-energy. In fact, due to a high radiation damage resistance and to the tissue-equivalent properties, coherently 
with wide band-gap properties, diamond is considered one of the most suitable material for the realization of x-ray 
detectors, especially for dosimetry in radiotherapy applications. 

CVD diamond shows a polycrystalline structure in which the material quality largely influences the photoconductive 
response of the resulting detectors. The control of the material properties during the growth process and the optimal 
design of the final detector is the basis of the tailoring operation we performed. 

The control of the initial nucleation density allows an actual engineering of the electrical properties of the diamond 
films. We developed a method to fix the device optimal leakage conductivity1 as a function of the peculiar 
application. In fact, we found precise conditions about the electrical conductivity in order to contemporarily avoid 
space charge formation and to have sufficient discrimination of the signal. 

At present, we realized x-ray linear dosimeters and tested them in DC and AC conditions using a beam produced by 
a standard Cu-target tube (CuKα at 8.05 keV). The analysis of the collection efficiency of the generated charge 
carriers and of the density of shallow states in the band-gap in proximity of the valence band, affecting the response 
time and intensity, were correlated with structural parameters as the crystal grain quality and the grain boundary 
presence.  The necessary condition to provide a linear response to the radiation dose-rate absorbed by the detector is 
correspondent to the condition of high collection efficiency. Once obtained such a condition, the deviation from a 
correct response can be attributed to space charge effects and to electron-hole recombination mechanisms. 

Moreover, some experimental evidences seem to indicate new possible applications of CVD diamond for the 
realization of active devices (conversion of high energy radiation into electrical power) making use of the charging 
induced by secondary electron emission. 
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So-called ‘charge collection distance’ rises apparently at the increment in the film thickness and average grain size 
in ‘detector-quality’ polycrystalline DLC films [1]. This effect was mainly attributed to diminishment in density of 
inter-granular defects in thicker DLC films with bigger average grain sizes, whereas density N(E) of the ‘in-grain’ 
states was supposed to be independent on the film thickness and morphology. In our study we are intend to 
demonstrate, that the N(E) distribution for the intra-granular electron states could also be influenced considerably by 
sizes of the DLC grains. Dependencies of spectrum of coefficient of optical absorptions, α(hν), ‘indirect’ gap width 
EG and Urbach tail slope EU of freestanding polycrystalline diamond-like carbon (DLC) films on their thickness and 
morphology have been studied. Two series of the <100>- and <110>-oriented DLC samples with different thickness 
were initially grown on the <100>-oriented silicon substrates by microwave plasma chemical vapour deposition 
(MW CVD) at fixed (within each series) deposition conditions, and thereafter separated from the silicon substrates. 
Main deposition and morphological parameters of the studied films are given in the Table. 
 

Sample 
series 

Ts, oC Gas mixture 
 

Dominant crystalline 
orientation 

Thickness 
range, µm 

Average grain 
size, µm 

‘a’ 670 H2:CH4:O2 
400:8:2 

<100> 2.0 – 20.0 0.4 – 4.0 

‘b’ 670 H2:CH4:CO 
400:5:10 

<110> 3.0 – 12.0 0.8 – 3.1 

 
Alteration in crystalline orientation of the DLC layers has been achieved via changes in composition of a gas 
mixture employed at the samples depositions (see the Table) as well as by implementing of a short period of pure 
hydrogen plasma etching immediately after the nucleation process.  
An increment in the film thickness from 2 to 20 µm for <100>-oriented samples and from 3 to 12 µm for the <110>-
oriented ones cause almost linear enlargement in the average transverse size of the surface morphology (from 0.4 to 
4.0 µm for the <100>-oriented samples and from 0.8 to 3.1 µm at the <110>-oriented ones), see the Table. At the 
same time, significant lowering in the α(hν) (Fig.1, symbols) and EU values (the EU drops from 615±15 to 299±4 
meV) is observed as thickness of the DLC samples rises, while the EG quantity remains almost constant and equals 
to 5.40±0.05 eV for the all studied samples. Such abnormal α(hν) and EU dependencies on the film thickness are 
attributed to significant influence of average sizes of DLC grains on the N(E) parameters within and just beyond the 
band gap of the material. A simulation of the influences of the granular morphology on the α(hν) and N(E) spectra 
of the DLC has been fulfilled within a framework of semi-empirical adiabatic Generalized Skettrup Model, GSM [2-
4]. The GSM is essentially based on statistical description of behaviour of multiple acoustic phonons, confined 
within volumes of the DLC grains. It also employs assumptions on linear relationship in between single-electron 
energy E and reduced elastic energy of this material as well as on absence of momentum conservation for all 
optically activated carrier transitions. The N(E) distribution within framework of the GSM is predetermined by  
formulas: 
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where D is an average atomic density, Z is the atomic valency, Bv and Bc are dimensionless constants which 
characterize the intensity of interactions of the confined acoustic phonons with charge carriers on bonding (within 
the VB) and anti-bonding (within the CB) electron levels, respectively; ZQE/B is an instant value of aggregate 



energy of all longitudinal acoustic phonons, confined at the given moment in time in a rectangular coherency cell 
with orthogonal edges of the lengths Lx, Ly, Lz, Q is the number of atoms (of a single sort) in the confinement 
volume (Q ≡ D * Lx * Ly * Lz), M = N/ZQ and M0 = N0/ZQ, N0 is the integer ceil of the ZQE/BkBθD ratio (here ceil 
denotes the smallest integer greater than or equal to the rational quantity in the brackets), T and θD are the absolute 
and Debye temperatures (respectively), kB is the Boltzmann constant, Γ(M) is the Euler gamma-function, cs is a 
velocity of longitudinal sound waves, ZM is a statistical sum, and r1 and r2 are model parameters (1 ≤ r1 ≤ 0.5; 2 ≤ 
r2 ≤ 0.5) [4]. The function F(Lx, Ly, Lz) in Eq.(2) depends only on the ratios of the edge lengths [4]. The EG(0, 0) = 
7.216 eV, and N(E) equal to N(E)v + N(E)c. 
This model reproduces experimentally observed changes in the parameters of both ‘algebraic’ and exponential parts 
on the optical absorption spectrum, which occur at alterations of the thickness and average grain sizes of the studied 
DLC samples (Fig. 1, lines). All α(hν) curves in this figure have been simulated at varied lengths Lx, Ly, Lz of the 
phonon confinement, but almost constant values of other simulation parameters (cs, Bc, Bv, D, EG(0), T, Z and θD). 
In particular, each of the Lx, Ly, Lz dimension is assumed to be exactly equal to the average transverse size of the 
DLC grains, deduced from the SEM image of the given sample. The model parameters r1 and r2 have also been 
slightly varied in the 0.820 ≤ r1 ≤ 0.845 and 0.710 < r2 < 0.740 ranges in order to obtain the best approximation of 
the simulation curves for the experimental data. The GSM allows us to explain as well an existence of Urbach tail 
with relatively large EU values in high-quality polycrystalline DLC films and diamond powder with ordered atomic 
structure within DLC/powder grains. Fig. 2 reveal the N(E) curves, simulated for the films from the ‘b’ series at the 
above-listed values of the GSM parameters. These simulation results are in reasonable quantitative agreement with 
the experimental data on the defect states density in the <110>-oriented films, obtained with the space-charge-
limited-current technique [5], see insertion in Fig. 2. 
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Figs. 1, 2. Typical experimental (symbols) and simulated (lines) (1) α(hν) and (2) N(E) spectra of the DLC. 
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Abstract 
Diamond is considered as a promising candidate for the cold discharge cathode material due to large ion-induced 
secondary electron yield and good resistance to sputtering. In this paper, we report growth condition of boron-doped 
polycrystalline diamond film on molybdenum substrate and fundamental discharge characteristics of the film. 

We have proposed to apply diamond as a cold cathode material to reduce the electric power consumption of cold 
cathode discharge lamps (CCFL). For the CCFL application, it is important to grow diamond films controlling 
conductivity on an applicable cathode substrate material. In this research, we selected molybdenum (Mo) as the 
substrate, and tried to grow boron-doped polycrystalline diamond films on that by microwave plasma CVD.  

The Mo substrate was pretreated by inorganic acid, and then the bias-enhanced nucleation (BEN) was performed in 
the CVD chamber. To grow diamond layer, we used acetone and trimethyl borate mixed solution as carbon (C) and 
dopant boron (B) sources. B/C ratio was easily varied by mixing ratio of solution, and vapor of the solution was 
carried into the chamber with hydrogen. Growth time was 2 hours, microwave power was 1.5kW, and substrate 
temperature was 850 ℃ approximately. The resulted film thickness was about 4 µm, and B concentrations in the 
layers was found to between 1017 and 1020 /cm3 from SIMS measurements. 

 Grow discharge characteristics of the film were evaluated in argon (Ar) ambient gas with open-cell resume. 
Cathode fall voltages (Vc) were measured both for hydrogen-plasma and acid treated surface conditions. The 
corresponding Vc were 70 V and 90 V, respectively. These values were significantly low compared to that of 
conventional metal cathodes (140V). It was confirmed that B-doped CVD poly-diamond films could be a new cold 
cathode material candidate for discharge lamps. 

This work has been performed as a part of the Advanced Diamond Device (ADD) project, which is supported by 
METI through NEDO. 
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Abstract 
Diamond films have attracted considerable scientific attention as electron field emission materials due to hardness to 
withstand ion bombardment, and good thermal and electrical conductivity to handle high current1-2. Another 
advantage of diamond films, in term of field emission applications, is that these films can be synthesized easily by 
using microwave plasma enhanced chemical vapor deposition (MPECVD) process with consistent electron field 
emission properties. To further improve the electron field emission capacity of diamond films, reducing the grain 
size for the diamond films so as to increase the proportion of grain boundary region is required, as it has been 
proposed that the grain boundaries contain sp2-bond3 and provide conduction path for electron, facilitating the 
electron field emission process. In this present work, we adopted the bias enhanced technique for promoting the 
nucleation of nano-diamonds and suppressing the growth of grains. The electron field emission behavior of the 
nanodiamond films was observed to be pronouncedly superior to that of the diamond films with micron- or 
submicron-sized grains, which is ascribed to the presence of abundant grains boundaries with sp2-bonds. 
Incorporation of boron species into the nanodiamond films further improves the electron field emission properties 
for the films. The best electron field emission properties achieved are turn-on field E0=18 V/µm with electron field 
emission capacity J=0.7 mA/cm2 at around 30 V/µm applied field. However, boron doping into the nanodiamond 
films does not result in consistent boron-content dependence of the electron field emission properties for the films as 
those in conventional micron-sized diamonds. The complication is explained by the fact that the small size of the 
diamond grains (~ 20 nm) may not be able to accommodate the boron species into the lattices to effectively act as 
acceptor dopants. Moreover, the formation of aggregates of the nano-sized diamond grains may alter the local field 
enhancement factor, which further complicates the correlation of the field emission behavior with the boron doping 
concentration for the nanodiamond films.  
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Fig. 1 SEM microstructure for the diamond films with (a) micron-sized grains and (c) nano-sized grains. 

 

Fig. 2 The electron field emission properties for the diamond films with micron-sized grains (U), 

submicron-sized grains (S) and nano-sized grains (N). 
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Abstract 

Introduction: Chemical vapor deposited (CVD) diamond has unique material properties suitable for electron 
emission such as low electron affinity, hardness to withstand ion bombardment, and good thermal and electrical 
conductivity to handle high current. In particular, nanocrystalline diamond, apart from excellent chemical, 
mechanical and thermal characteristics, possesses properties distinct from the conventional CVD microcrystalline 
diamond including smaller grain size (1 nm-100 nm), higher volume density of grain boundaries, more sp2-bonded 
carbon content, uniform surface morphology, and a wider latitude for materials integration [1]. In this paper, we 
report a robust and reliable technique to micropattern nanodiamond films using reactive ion etching (RIE) process 
and thereby study the effect of the geometrical field enhancement for electron emissions.  
 
Nanodiamond for field emission: “Cauliflower-like” nanodiamond films with grain size as small as 5-10 nm have 
been achieved by employing an effective growth-rate control technique through the process of CH4/H2/N2 
microwave plasma enhanced chemical vapor deposition (MPECVD). We observe that a means to grow 
nanodiamond films is to increase the nucleation rate and decrease the growth rate by adjusting the CVD process 
parameters, viz., microwave power, reactant pressure and gas flow rate [1]. Raman spectroscopic analysis of the 
nanodiamond film indicates that the degree of sp2-bonded carbon content in the diamond film increases as the grain 
size decreases. The sp2/sp3 peak ratio of the 5-10 nm grain-sized nanodiamond film is found to be ~0.97.  The 
favorable properties of the nanodiamond film, namely, 5 nm grain size, smoother surface morphology, and increased 
sp2-carbon content can be utilized in the development of enhanced field emission devices. 

Micropatterned nanodiamond emitter with enhanced field emission geometry: The single-mask fabrication 
process begins with the growth of a 2-µm thick nanodiamond film on a silicon-on-insulator (SOI) wafer by 
CH4/H2/N2 MPECVD. Next, a 0.5 µm-thick layer of aluminum is deposited on the nanodiamond film to form the 
masking layer. Conventional photolithography is performed to pattern the emitter structures on the aluminum. The 
exposed Aluminum is etched away by wet chemical etching and the photoresist removed. With aluminum as mask, 
the exposed nanodiamond is etched with high selectivity by reactive ion etching (RIE) in pure oxygen plasma. The 
patterned diamond emitters on the silicon layer are then used as a mask for silicon etching to yield the isolation 
between the emitters. The final structure consists of patterned nanodiamond emitters, supported by a silicon layer 
underneath, sitting on the SiO2 layer on the silicon substrate. Figure 1 displays the SEM micrographs of the 
micropatterned nanodiamond 6-finger, 4-finger, and edge emitters. The aspect ratio of each emitter finger is ~46 and 
~52 in specific cases. 
 
Field emission characterization: The as-deposited nanodiamond film and the micropatterned nanodiamond emitter 
structures were characterized for field emission in a vacuum of ~10-6 Torr.  Electron emission from the as-deposited 
nanodiamond film surface was measured using a heavily doped silicon sample as the anode and an insulating spacer 
of 40 µm, which defined the anode-cathode spacing. The micropatterned nanodiamond finger and edge emitters 
were tested for field emission laterally with an integrated adjacent anode structure. The field emission characteristics 
of the three different emitters are presented in Figure 2. The highly linear F-N plots clearly confirm that the current 
is attributed to field emission. The as-deposited nanodiamond film demonstrated a high turn-on field of 18 V/µm 
and 3 µA emission current at an electric field of ~30 V/µm. The 6-fingered nanodiamond emitter exhibited a very 
low turn-on electric field of 1.9 V/µm and a high emission current of ~104 µA at 20 V/µm, while the edge emitter, 
with a 6.5 V/µm turn-on field, showed 4.6 µA emission current at the same electric field of 20 V/µm. The effect of 
the geometry of the high aspect-ratio fingers and the edge emitters on field emission from the nanodiamond film was 
studied. The emission data of the different emitters was correlated to the modified Fowler-Nordheim equation:  

 
         ln(I/E0

2)=ln(A*K1*β2/Φ)-(K2*Φ1.5/β)(1/E0)                                 (1) 



where K1 and K2 are constants, I is the emission current, Φ is the work function of the emitting surface (eV), β is the 
total field enhancement factor, A is the emitting area, and E0 is the macroscopic applied electric field (V/cm). 
Furthermore, the total field enhancement factor β can be expressed in terms of the product of each field 
enhancement factor as β=βg βsp2 βn, where βg, βsp2, βn are the field enhancement factor due to the geometry, sp2-
carbon content, and nitrogen doping, respectively. The slope of the linear F-N plot {ln(I/E2) vs. 1/E} is given by      
–K2Φ1.5/β.  The observed field emission enhancement of the micropatterned nanodiamond emitters can be explained 
by an increase in the geometrical enhancement factor. This can be deduced from the observation that the F-N slope 
decreases significantly for the fingered and edge emitters (see figure 2 (b)). The reduction of the F-N slope should 
mainly arise from the geometric effect because the as-deposited nanodiamond film and the nanodiamond emitters 
have the same sp2-carbon and nitrogen concentration and thus should have the same Φ, βsp2, and βn. Considering that 
Φ, βsp2, and βn are the same for the nanodiamond films and the micropatterned emitters, βg can be found from the F-
N slopes of emission data. It was found that βg of the 6-fingered nanodiamond emitter is ~198 times that of the as-
deposited nanodiamond film and ~35 times that of the nanodiamond edge emitter. It was also deduced that the βg of 
the edge emitter was ~6 times that of the as-deposited nanodiamond film. In order to utilize the excellent 
geometrical field enhancement offered by the fingered emitters for electron emission, nanodiamond lateral diode has 
been fabricated employing the process schema outlined in this paper, with the high aspect-ratio fingers serving as 
the cathode, and the edge structure as the anode, isolated by the SiO2 layer (see figure 1). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. SEM micrographs of the micropatterned nanodiamond lateral field emitters 

 

 

 

 

 

 

 

 

 

 

Figure 2. (a) Field emission characteristics of nanodiamond and (b) Corresponding F-N plots:                            
(i) as-deposited nanodiamond film; (ii) nanodiamond edge emitter; (iii) nanodiamond 6-finger lateral emitter 

References: [1] K.Subramanian, W.P. Kang, J.L. Davidson, et al., Proceedings of the 17th IVNC, pg. 82-83 (2004). 

       [2] T.D. Corrigan, D.M. Gruen, et al., Diamond and Related Materials 11, pp. 43-48, 2002.  
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Carbon based nanostructures have proven very attractive materials and their properties are very widely investigated. 
Our synthesis approach, based on a Hot Filament Chemical Vapor Deposition (HFCVD) system coupled to a powder 
mixing cell, has proved to be particularly versatile in obtaining a variety of nanostructures. Carbon nanopowders 
obtained by laser pyrolisis of ethylene/acetylene mixtures are used as carbon source; the reaction with a filament-
activated atomic hydrogen plasma allows us to obtain good quality Single Wall Carbon Nanotubes (SWCNT) [1].  
We successfully exploited controlled variations of synthesis parameters such as time, powder flux orientation and 
intensity of hydrogen flux and managed to control tubes’ orientations and bundles’ dimensions.  
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Fig. 1 SEM image of a SWCNT sample showing a very good alignment of the bundles 

 
 
The influence of different morphologies on field emission behavior constitutes a non secondary key point, both for a 
deeper understanding of emission phenomenon and for a more precise tuning of the future devices’ performances.  
Moreover, our synthesis process proved to be substrate selective, so that we are able to obtain selected area growth of  
SWCNTs [2]: field emission properties of such ordered arrays of emitters constitutes a hot technological spot in view of 
the wide number of applications [3].  
Finally, we are investigating the field emission behavior of a newly synthesized kind of carbonaceous nanostructures 
made up of SWCNTs covered by a nanocristalline phase identified with diamond [4] whose properties promise to be 
very interesting.  
 
We set up and tested a home made field emission measurement apparatus: cathode-anode system resembles the plan to 
sphere set up; their distance can be adjusted by means of a high resolution linear actuator driven by PC and measured by 
a capacimetric approach; two micrometric knobs allows us to scan over the sample.  
We demonstrate the possibility of obtaining very promising results: our actual interest is particularly concerned with 
reproducibility (i.e. the reliability of the future field emission device) and durability of our samples’ performances.  
 
Field emission measures have been carried out on a series of morphologically well defined samples. Our cathodes 
required a prolonged conditioning period before reaching a reasonably reproducibility of I-V emission curves. Training 



of samples has been undertaken both by successive potential scans and prolonged application of high fields: as a result 
of both processes, the maximum current undergoes a slight decrease, I-V curves gets smoother and smoother, Fowler-
Nordheim plots gets linear in a wider potential range. The non reproducible features which initially affect emission 
measures has been interpreted as irreversible modification of samples’ surfaces during potential scans such as the field 
evaporation of absorbed gaseous species [5]: once the cathode gets clean, its emission performances get stable. By 
keeping our cathodes under high emission current conditions, we verified the durability of the nanotube samples as 
well: they survived long (up to three full days) to extreme conditions such as high current (at µA level) and low vacuum 
level (10-6 mbar) thus demonstrating the real possibility of using SWCNTs as field emitter in a variety of electronic 
devices. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Field-Current curves showing reproducibility of performances in different measurement days. The inset shows 
the corresponding Fowler Nordheim plots. 
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 Carbon nanotubes and ZnO nano-needles were grown on silicon substrates and used as cold cathodes. These cold 
cathodes exhibit excellent electron field emission characteristics in high vacuum with turn-on electric field near 1 
V/µm and below. Long-term stability of electron field emission for cold cathodes coated with carbon nanotubes and 
ZnO are compared. The effects of gas pressure on the characteristics of electron field emission are reported and 
discussed. Electron field emission current for both cold cathodes coated with carbon nanotubes and ZnO decreases 
with air pressure that is intentionally leaked into the experimental chamber. For the same air pressures up to tens of 
mTorr, ZnO nano-needle coated cold cathodes exhibit percentage-wise less decrease in electron field emission 
current as compared to carbon nanotube coated cold cathodes. ZnO nano-needles appear to be more favorable for 
cold-cathode applications in poor vacuum environments and for low-pressure gas-filled electron devices. 

 The extremely high aspect ratios and/or small radius of curvature of nanoscale materials such as nanotubes, 
nanowires, nanoneedles, nanoparticles, and nanocrystalline grains have been explored and reported to promote the 
field emission of electrons at low applied electric fields in vacuum. Among these nano-scale materials, carbon 
nanotube is the most well studied material for cold cathode applications because of both its high aspect ratio and the 
small radius of curvature at its tip. Numerous publications have reported the effects of diameter, length, spacing 
between carbon nanotubes, tip geometry and composition, placing and patterning, and post-deposition processing on 
the electron field emission characteristics of carbon nanotubes. Effects of residual gases that are adsorbed on the 
surfaces of carbon nanotubes have also been studied.  

 For some practical applications, the electron field emission must operate in a poor vacuum or at a low gas pressure 
with an intentionally filled gas. Energetic oxygen molecules, atoms and ions are known to react with carbon 
nanotubes causing defect formation and etching of the exposed carbon nanotubes resulting in the degradation of the 
electron field emission characteristics.  

 Oxide nanowires or nano-needles are expected to be more resistance to environments containing oxidizing species. 
In this paper, ZnO is chosen as the oxide cold cathode material for a comparison with non-oxide carbon based cold 
cathodes that are coated with carbon nanotubes.  

 Both carbon nanotubes and ZnO nano-needles are deposited on silicon substrates by means of thermal chemical 
vapor deposition methods. ZnO nano-needles are grown on silicon using gold nanoparticles as a catalyst in the 
presence of Zn vapor. Carbon nanotubes were grown by means of thermal chemical vapor deposition using iron as a 
catalyst in the gas mixture of acetylene and argon.  

 Electron field emission measurement is done in a vacuum chamber with base pressure of 10-6 Torr. An air leak 
valve can be turned on to allow controlled amount of ambient air to enter the chamber for a desired air pressure. 
Cold cathode is place at a distance from the anode of 3 mm2 in surface area by means of spacers. The anode is 
inserted in an electrical insulating block. Spacers are placed between the cathode and the electrically insulating 
block so that in case the side walls of the spacers are coated with conducting materials, the measurement of electron 
field emission current will not be affected.  

 A TEM photograph of carbon nanotubes and a SEM photograph of ZnO nanoneedles are shown in Figure 1 (i) and 
(ii), respectively. Electron field emission current as a function of the applied electric fields using the air pressure as a 
parameter is measured using a tungsten anode of 3 mm2 in area. Both cold cathodes allow electron field emission to 
be detected at an applied electric field around 1 V/µm or below (not shown in this figure of linear scale). The 
electron field emission current measured from the carbon nanotube coated cathode is higher than that measured from 
the ZnO nanoneedle coated cathode because the number density and concentration of electron emission sites of ZnO 
nanoneedles used for this experiment are not as high as that of carbon nanotubes. Figure 2 shows that as the air 
pressure increases, the electron field emission currents for both cathodes decrease with the carbon nanotube coated 



cathode showing more dramatic decrease than the ZnO nanoneedle coated cathode. Electron field emission current 
measurement is repeated in vacuum after exposing both cold cathodes to electron field emission at a gas pressure of 
60 mTorr. ZnO nanoneedles recover most of the original electron field emission characteristics; but, carbon 
nanotubes exhibit electron field emission current several orders of magnitude less than the original field emission 
current before being subjected to electron field emission at 60 mTorr as shown in Figure 2. 

 In summary, both carbon nanotubes and ZnO nanoneedles serve as excellent electron field emission cold cathode 
coatings with low turn-on electric fields in high vaccum. The electron field emission current decreases with 
increasing air pressure. ZnO nanoneedles is more favorable for cold cathode applications in poor vacuum and in low 
pressure environments filled with oxidizing gases.  

  
Figure 1. (i) TEM photograph of carbon nanotubes.  (ii) SEM photograph (9x9 µ) of ZnO nano-needles. 

   
Figure 2. (i) I-E curves for carbon nanotubes. (ii) I-E curves for ZnO nano-needles. 

For both sets of curves the electron field emission current was measured for (a) the as-grown samples at 

10-6Torr and (b) the same samples at the same pressure of 10-6Torr after being subjected to the 
environments in which electron field emission in ambient air at a pressure of 60 mTorr was measured . 
Curve (i-c) and (ii-d) are for measurements at 60 mTorr. Curve (ii-c) is for measurement at 30 mTorr. 
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Nitrogen-doped nanocrystalline diamond films were grown by d.c. arc plasma CVD on Si 
substrates from CH4/Ar/N2, CH4/H2/N2, and CH4/Ar/H2/N2 gas mixtures. Different nitrogen 
content in the gas mixtures and different substrate temperatures were used to grow the films with 
different nitrogen content and microstructure. A nitrogen incorporation is promising for field 
electron emission from diamond films due to formation of electrical conductivity channels inside 
the films and changing the electron affinity on the film surface (n-doping and/or additional 
surface energy levels). In addition, higher growth temperature leads to partial graphitisation of 
the diamond films that can also improve the emission. So a set of the films with and without 
nitrogen was grown at high temperatures as well. 
 
The film surface and microstructure was studied using AFM, SEM, Raman spectroscopy, X-ray 
Photoelectron Spectroscopy, Auger Electron Spectroscopy, and EELS to find correlations 
between the field emission and other film properties. The field electron emission was studied 
using both a macroscopic phosphor screen setup and a microprobe setup with tungsten probes of 
10 µm in radius. Emission I-V dependences as well as emission sites distribution were measured 
and then analyzed depending on nitrogen and/or sp2-carbon content in the films. 
 
It was found that nitrogenated nanocrystalline CVD diamond films show different microstructure 
than the films prepared without nitrogen, and the field electron emission for the nitrogenated 
films was typically better than for the films grown without nitrogen at the same the rest 
conditions. On the other hand, partially graphitized films grown at higher temperatures (with or 
without nitrogen in the gas mixtures) typically show the best field emission properties with 
emission threshold fields of as low as 1-1.5 V/µm, much higher density of emission sites, and 
higher working limit of the emission current. A competition of the nitrogen incorporation and 
graphitization for the field emission from the diamond films is discussed in dependence on the 
microstructure. Possible field emission mechanism are considered basing on the grain boundary 
effect. 
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Abstract 
Currently there is little on-line monitoring capability onboard the International Space Station (ISS) for 

water quality management.  Water quality is presently monitored by periodically returning samples to earth; 
consequently, there is no way to promptly respond to a contamination outbreak.  In the past, water samples were 
regularly returned for analysis by the Space Shuttle, however, since the Columbia accident, water samples have not 
been regularly brought back for analysis.  Therefore, water quality monitoring has become a major concern for the 
National Aeronautic Space Administration (NASA).  Water disinfection can be accomplished by introducing iodine 
(I2), taking advantage of its biocidal and virucidal properties to purify the water supply.  Concerns have been raised 
about the possibility that I2 could react with aromatic contaminants reclaimed from the shuttle condensate to form 
iodinated aromatics.1  Although the toxicity of iodinated aromatics is unknown, it is hypothesized that they possess 
toxicity similar to that of their chlorinated counterparts, such as chlorophenol. 

This research is focused on development of an electrochemical detection scheme for iodinated phenols 
using boron-doped diamond (BDD) electrodes.   Electrochemical detection of waterborne contaminants is relatively 
simple, inexpensive, and utilizes small and easy to operate instrumentation.  The most important component of any 
electrochemical detection system is the electrode material.  BDD thin-film electrodes are appealing because of their 
(i) wide potential window, (ii) minimal pretreatment for activation, (iii) stable morphology and microstructure in 
harsh chemical environments, (iv) stable and low background current, (v) and weak adsorption of polar molecules 
on the hydrogen-terminated surface (i.e., resistance to fouling).  These qualities are especially appealing to the 
detection of phenolic compounds because their oxidation potentials approach that of oxygen evolution on many 
electrode materials and phenolic reaction by-products can polymerize and adsorb on (foul) the electrode surface.  
Boron-doped diamond electrodes have previously been used for the detection of chlorinated phenols and have been 
shown to be an ideal electrode material in terms of electrochemical activity and response stability.2 

The feasibility of BDD electrodes for the oxidative detection of iodinated phenols was investigated.  2-
iodophenol (2-IP), and 4-iodophenol (4-IP) in phosphate buffer (pH 3.5), and 2,4,6-triiodophenol (TIP) in 
acetonitrile/phosphate buffer (pH 7.1) were characterized with microcrystalline boron-doped diamond thin-film 
electrodes using cyclic voltammetry and flow injection analysis (FIA) with amperometric detection.  The decreased 
solubility of TIP necessitated the use of the mixed buffer solution.  Characteristics, such as the electrode response, 
reaction products, and fouling resistance, were investigated.  The mechanism for phenol oxidation has been 
extensively studied3 and it is hypothesized that the iodophenol oxidation follows the same mechanism.  Figure 1 
shows the typical cyclic voltammetric i-E curve for 2-iodophenol at a BDD microcrystalline electrode.  During the 
first scan, only the oxidation peak is observed for the oxidation of 2-IP to the iodophenoxy radical (peak A).  The 
radical can then either (i) polymerize or (ii) be further oxidized to form quinone-like compounds, which are then 
reduced on the reverse sweep (peaks B and C).  The shoulder on peak C is assumed to be associated with the 
reduction of a dissolved quinone-like species.  Subsequent scans show two additional oxidation peaks, D and E, 
which are associated with the species formed during the reduction at peaks B and C.  The oxidation current near 0.9 
V (peak A) decreases to a point with cycling, while the reduction currents near 0.15 V and 0.5 V increase (peaks B 
and C).  This leads to the hypothesis that oxidation reaction products adsorb on the electrode surface and block some 
electrochemically-active sites.  Similar phenomena were seen during the electrochemical detection of chlorinated 
phenols.2  4-IP and TIP show similar electrochemical behavior to 2-IP at microcrystalline diamond. 

FIA was used to study the electrochemical response of iodophenols on BDD.  FIA allows for an on-line 
method of detection that serves as a very basic prototype for a constant monitoring system.  It is hypothesized that 
the constant movement of solution through the flow-cell will reduce the rate of electrode fouling.  Preliminary 
studies with 2-IP show the ideal detection potential for FIA of 2-IP is 950 mV vs. Ag/AgCl.  After stabilization, a 
current of 8.5nA was measured.  The analytical figures of merit of 4-IP and TIP will also be presented. 
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Figure 1. Cyclic voltammetric i-E curve for 0.1mM 2-iodophenol in 0.1M phosphate buffer, pH 3.5 at a 
microcrystalline BDD thin-film electrode. Scan rate: 100mV/s, Electrode area: 0.2cm2. 
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Abstract 
Carbon-based materials, such as carbon nanofibers and nanocrystalline diamond, are attractive candidates for use in 
chemical and biological sensor applications. Recent studies have shown that when these materials are functionalized 
with biomolecules such as DNA, the biomolecules retain their activity and specificity. Furthermore these modified 
materials show very good stability and biocompatibility. Nanocrystalline diamond provides semiconducting 
properties while carbon nanofibers provide very high surface area, which can be used for new ways of detecting 
biological binding events, such as DNA hybridization, through electrical measurements.  

We have been investigating the electrical properties of carbon nanofibers and nanocrystalline diamond. 
Measurements of the electrical impedance between 0.1 Hz and 1MHz were performed. The spectra show that the 
low frequency response is dominated by the capacitance of the system. Unlike simple planar surfaces, nanofibers 
arrays show a more complex dependence on frequency, which reflects the penetration of ions into the interstices 
between the nanofibers. The equivalent capacitance of these nanofibers is much higher than the capacitance of an 
equivalent planar surface, suggesting they may be useful as high density capacitors.  

We have also examined nanofibers arrays in which the nanofibers have been covalently linked to biomolecules such 
as DNA and have investigated how the electrical properties change in response to biological binding events. Our 
initial results show that biomolecular recognition events can be detected using electrical measurements. The results 
of these data will be presented and the potential use of nanofiber arrays for biosensing will be described. 

 

 
Figure 1: A scanning electron micrograph of carbon nanofibers  
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Abstract 
Recent studies have shown that carbon-based materials are extremely stable substrates for biosensing 

applications.1 We are exploring vertically-aligned carbon nanofibers (VACNFs) as high-stability electrode materials 
for biosensing arrays.   In addition to having very high chemical stability, it is likely that VACNFs also have 
additional interesting and useful properties due to their nanoscale width. For example, the extremely high surface 
area that can be obtained when carbon nanofibers are grown in the “forest” geometry may amplify the 
electrochemical signal that indicates biological binding to their surfaces. Additionally, VACNFs can be used as 
individual nanoscale sensing elements because single VACNFs can be patterned by a several methods and grown in 
the desired locations onto microelectrodes. 

VACNFs are grown by DC plasma-enhanced chemical vapor deposition using an acetylene/ammonia 
mixture, catalyzed by a nickel thin film on the surface.  By patterning this catalyst using electron-beam lithography, 
it is possible to grow small bundles of VACNFs or even individual carbon nanofibers that are electrically connected 
to an underlying substrate.  When desired, it is also possible to deposite SiO2 onto the VACNFs substrate so that the 
entire underlying electrical contact system is insulated.  Additionally, using a reactive ion etch process we can 
expose the very end of the nanofiber so that it remains accessible for electrical measurement and/or chemical 
functionalization (Figure 1).2  

We are exploring methods for functionalizing VACNFs for biological recognition.  We have developed a 
photochemical method for terminating VACNFs forests with amines.  This chemistry is very similar to that shown 
to form stable covalent attachment of amines to diamond, where in this case the VACNF forest sample is exposed to 
an N-Boc protected amino alkene in the presence of UV light.   After attachment of the alkene to the surface of the 
nanofibers, the protecting group is subsequently removed to form amine-terminated nanofibers.  The amine 
termination is an excellent starting point for covalent attachment of a variety of biological molecules to the surface.  
We have further functionalized these surfaces with DNA by reacting the amine-terminated VACNFs with a 
heterobifunctional cross-linker sulfosuccinimidyl 4- [N-maleimidomethyl]-cyclohexane-1-carboxylate (SSMCC), 
terminating the VACNFs with maleimide functionality. We then react these surfaces with 5’ thiol-terminated 
oligonucleotides, and have shown that these oligo functionalized surfaces retain their biological recognition. The 
oligonucleotide tethered to the surface is specific for its complement and does not bind appreciably to a mismatched 
strand.  Additionally, the surface is stable and can be re-hybridized after stringent denaturation conditions.  

Toward the goal of using individual and small bundles of VACNFs as discrete nanoscale sensing elements, 
we have developed chemistry that can enable the selective functionalization of closely spaced sub-micron sized 
VACNF bundles with different biological molecules on the same chip.3  The patterned, electrically addressable 
VACNF substrate is exposed to p-nitro benzene diazonium tetrafluoroborate in the presence of surfactant.  This step 
terminates the nanofibers with nitrophenyl moieties.  We can selectively convert individual bundles of nitrophenyl 
terminated nanofibers to more reactive aminophenyl terminated nanofibers using an electrochemical reduction step.  
This step enables the addressability of the chemistry; the fiber bundles that were not reduced remain terminated with 
nitrophenyl groups.  The aminophenyl terminated bundles can then be reacted with thiol-terminated DNA and 



SSMCC similarly to the method described above.  After this step, another nanofiber bundle on the same chip can be 
reduced, and reacted with a different sequence of DNA, and so on.   This work has implications toward the 
fabrication of high-density VACNF biosensor arrays.   

 

 
 Figure 1: Electrically-addressable VACNFs with insulated sidewalls and underlying substrate, but with    
electrochemically active VACNF tip. 
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Abstract 
The scale-up of diamond CVD pocesses for economic production is related to growth speed and desposition area. 
By introducing the CYRANNUS concept (cylindrical resonator with annular slots) a new device for generation of 
uniform microwave plasma at higher pressure became available. That type of plasma sources combine a resonator 
structure (which enables high pressure operation) with a multi-antenna microwave feeding (which enables high 
power transfer). 

SIZE VARIATION 
Several sizes of plasma sources have been used for deposition of diamond and will be compared: 

• A plasma source with 150mm diameter chamber size was excited with 2.45GHz microwave and has successfully 
been used for deposition of diamond at medium pressure. The plasma shows the shape of a sphere. Deposited 
<100> films showed thickness uniformity better than ±3% at 50mm diameter. The possible deposition diameter 
is larger than 100mm.  High pressure deposition at 300mbar increased the growth rate up to 50µm/h. 

• An antenna scaled system with 250mm diameter chamber size was also operated at 2.45GHz and shows a discus-
like shape of the plasma. 

• Scaling the plasma source to a microwave frequency of 915Mhz increased the diameter of the chamber to 
350mm. Such system has been used for deposition of diamond at a pressure of 60mbar hydrogen. The process 
and deposition temperature was controlled by the pressure of the plasma gas. The results of a 200mm wafer 
coating will be presented. 

Figure 1. Diamond deposition with PACVD in 915MHz CYRANNUS system 
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Abstract 
 A great deal of recent experimental studies and computer simulations have been performed to try 
to understand the surface stability of diamond nanocrystals.  These results have yielded a number of 
striking conclusions that can help explain the transition of diamond thin film structure from 
microcrystalline to nanocrystalline with the reduction of hydrogen in the gas phase during microwave 
plasma enhanced chemical vapor deposition; namely, that the stability of the surface of the diamond 
nanoparticle is a strong function of both the hydrogen coverage and the size of the crystallite.  This study 
investigates the role of hydrogen in the growth of ultrananocrystalline diamond (UNCD) thin films in two 
different regimes.  First, we add hydrogen to the Ar/CH4 gas phase during growth, and observe that rather 
than a monotonic increase in the grain size from the nanocrystalline to the microcrystalline regime, there 
is an apparent competitive growth process occurring between the two regimes, with the microcrystalline 
diamond grains becoming much more prominent with added hydrogen.  Second, we remove hydrogen 
from the plasma by changing the hydrocarbon precursor for methane to acetylene and observe that there 
does seem to be some sort of lower limit to the amount of hydrogen that can sustain ultrananocrystalline 
diamond growth, below which a significant amount of graphite is nucleated.  We speculate the reasons for 
these observed changes is that large amounts of hydrogen in the plasma favor the rapid growth of 
diamond microcrystals, while low concentrations of hydrogen result in unstable diamond nanocrystals 
and the nucleation of graphitic material. This work was supported by the DOE-Office of science-
Materials Science under Contract No. W-31-109-ENG-38. 

(a) (b) (c) 

1 µm 1 µm 1 µm 

 
Figure 1: TEM images of UNCD grown using (a) methane and 0% added hydrogen and (b) methane and 20% 
added hydrogen (c) acetylene and 0.5% added hydrogen.  
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Abstract 

Ultra-nano-crystalline diamond (UNCD) thin films possess very fine grains and very smooth 
surface. These films are very promising for the applications in a device requiring smooth surface, 
such as surface acoustic wave (SAW) devices. UNCD films can be grown using CH4/Ar plasma 
at relatively lower substrate temperature, which renders the formation of UNCD on a glass 
substrate possible and increases tremendously the potential for device applications. However, in 
order to deposit the diamond films at low substrate temperature, creation of nucleation sites is 
necessary. In this study, various kinds of nucleation methods were used for enhancing the 
formation of ultra-nano-crystalline diamond (UNCD) films. The surface morphologies and other 
properties of these UNCD films were observed to correlate intimately with nucleation methods. 

UNCD films were grown in a 2.45 GHz microwave plasma enhanced chemical vapor deposition 
(MPECVD) system on mirror polished Si (100) substrates. The substrate assembly was 
immersed in 1200 W CH4/Ar plasma with 1 % CH4, 99 % gas mixture at total pressure of 150 
Torr. The substrates were pretreated either by (1) scratching with submicron (0.1 µm) or nano-
sized (~ 3 nm) diamond powders; (2) ultrasonically polished with submicron (0.1 µm) or nano-
sized diamond (~3 nm) powders; (3) spin coating slurry containing nano-sized diamond powder 
as seeds; or (4) by bias enhanced nucleation (BEN) method. The results showed that the growth 
rate and surface morphologies of UNCD films are significantly affected by nucleation methods, 
although all the UNCD films showed similar grain size and Raman spectra.  
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Figure 1.  SEM surface morphology of UNCD grown under 400oC, 3 hr on different nucleation substrate a) 
scratched by0.1 mm diamond powder; b) scratched by nano-sized powder; c) ultrasonic by nano-sized 
powder; d) bias enhanced nucleation substrate . 
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Abstract 
The early growth stages are critical for the adhesion and final structure of diamond films synthesized by 

chemical vapor deposition (CVD). We report on the effect of molybdenum substrate seeding with ultra 
dispersed nano-crystalline diamond and micro-crystalline diamond powders on the nucleation process, growth 
and structure of hot filament chemical vapor deposited nano- and micro-crystalline diamond, n-D and µ-D, 
respectively. For each powder used as seeds, diamond thin films were grown for 1, 5, 10 and 20 hours using the 
same process parameters. Raman spectroscopy (RS), X-ray diffraction analysis (XRD), X-ray photoelectron 
spectroscopy (XPS), scanning electron microscopy (SEM), and atomic force microscopy (AFM) were 
performed to study the nucleation process, film nano-structure and diamond quality.  

The results show that the nucleation increases as the seed particle size decreases (Figure 1). When nano-
crystalline powder is used as seeds, the resulting diamond film is densely clustered, showing both micro and 
submicro crystallites, whereas when micro-crystalline powder is employed, the resulting film is micro-
crystalline and well faceted (Figure 2). All types of seeds lead to high quality (>97%) diamond films growth 
according to the Raman spectra, although quantitative analysis shows a slightly lower (by ∼3 %) diamond film 
quality when nanocrystalline seeds are employed (Figure 3). Moreover, X-ray diffraction patterns indicate that 
the seed particle type also affects the film texture. Microcrystalline diamond seeds yield high (111) texture, 
while the nanocrystalline diamond seeds yield high (400) texture (Figure 4).  
 
 

 
 

Figure 1. SEM pictures of films deposited after 1 hour using different powders as seeds: (left) high-quality 
micro-crystalline diamond (from Dr. P. Feng, China); (middle) sub micro-crystalline diamond (from Alfa Aesar); 

(right) detonation ultra-dispersed nano-crystalline diamond (UDD from Nanodiamond).  



  
Figure 2. SEM of films deposited after 10 hour using different powders as seeds: (a) high-quality micro-

crystalline diamond;(b) detonation ultra-dispersed nano-crystalline diamond). 
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Figure 3. Visible Raman spectra of films deposited after 20 hours using different powders as seeds (sub micro-

crystalline, nano-crystalline and high-quality micro-crystalline).  
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Figure 4. X-ray diffractograms of films deposited after 20 hours using different powders as seeds (micro-

crystalline from Alfa Aesar, and nano-crystalline from NanoDiamond), depicting the characteristic diamond 
peaks corresponding to the (111) (A) and (400) (B) diamond reflections. 

 
Acknowledgements: Research supported by NASA (Grants NCC3-1034 and NGT5-40091; Cooperative 
Agreement NCC5-595), Department of Energy (Grant DE-FG02-01ER45868), and the UPR-Río Piedras FIPI 
(Grant 8-80-514).  

 

Sub Micro-crystalline

1 µm 1 µm 



DEPOSITION AND POST-PROCESSING OF POLYCRYSTALLINE DIAMOND 
FOR FREESTANDING FILMS AND SUBSTRATES 

S. Zuo, T. Grotjohn, D. Reinhard, and J. Asmussen1

Michigan State University, 2120 Engineering Building, Electrical & Computer Engineering Department, East 
Lansing, MI 48824 

R. Ziervogel 
1Fraunhofer USA, Center for Coatings and Laser Applications, B100 Engineering Research Complex, Michigan 

State University, East Lansing, Michigan 48826-1226 

Keywords: Diamond deposition; Microwave plasma CVD; Stripping Foil; Polishing: Intrinsic stress. 

Abstract 
High quality freestanding films and substrates of polycrystalline diamond with greater than 25 microns thickness 
have applications for windows, thermal heat sinks and stripping foils for high energy ion beams. Such applications 
of thick films or substrates require both deposition and post processing steps. In this paper we report on the synthesis 
of high quality diamond and the fabrication of optical quality windows and uniform thickness ion beam stripping 
foils. Both of these applications require the deposition of high quality diamond, the laser cutting of the diamond to a 
desired shape, the post processing of the diamond by etching, lapping and polishing steps to produce smooth, flat 
and uniformly thick films or substrates. The thickness of the diamond films needed for the ion beam stripping foils 
are up to 40 µm.  

The polycrystalline diamond films are grown in a microwave plasma-assisted CVD reactor using hydrogen/methane 
chemistry. The methane percentage is nominally 1 %. The deposition reactor is a microwave cavity applicator with 
the plasma confined inside a 12 cm diameter quartz dome [1]. The substrates utilized are 1 and 2 inch silicon wafers 
with thickness in the range of 1-2 mm. The substrate is actively cooled with a water cooled substrate holder to 
achieve a substrate temperature of 850-950 C. The pressure utilized is 120-180 Torr and the microwave power is 
3.5-5 kW. The substrate holder is designed to achieve a reasonable uniform substrate temperature distribution. The 
silicon substrates are prepared using mechanical polishing with diamond powder for nucleation. The growth rate of 
the polycrystalline diamond is approximately 1 µm/hr at 120 Torr. Influence of the deposition chemistry and reactor 
configuration on substrate temperature and deposited film uniformity will be presented. Additionally, initial 
modeling studies to understand the substrate temperature uniformity and control will be shown. 

Once the diamond is deposited on the silicon substrate a number of post processing steps are performed to fabricate 
smooth, flat and uniformly thick films or substrates. These processing steps typically include laser cutting, lapping 
and polishing of the growth side of the diamond, removal of the silicon substrate, and plasma etching to remove a 
thin layer on the nucleation side of the diamond film. Laser cutting is performed with a pulsed Nd-YAG laser 
operating with the third harmonic. Lapping and polishing is performed with a Logitech LP 50. The polishing system 
has been used to achieve surface roughness values of 3 nm. During the post processing of the diamond film the 
bowing (stress) of the film is characterized at various steps. The diamond films/substrates are also characterized at 
the end of the post-processing a number of ways including Raman spectroscopy, photoluminescence spectroscopy, 
and optical absorption. 

A challenge to the fabrication of flat and uniform films/substrates is dealing with the intrinsic stress of the diamond 
film. When the film is deposited on a silicon wafer a bowing of the wafer and diamond film occurs due to the 
thermal expansion mismatch of at the diamond-silicon interface and due to intrinsic stress in the diamond film itself 
[2, 3]. Once the diamond is removed from the silicon substrate by etching the silicon away, the diamond film 
bowing is due to stresses within the diamond film itself. A gradient in the stress within the diamond film in the 
direction of growth leads to a bending of the freestanding film. Techniques to compensate for this bowing that 
include removal of a layer of the film on the nucleation side are explored. 
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Abstract 
Carbide Derived Carbon (CDC) is produced by selective removal of metals from metal carbides by high 

temperature etching in halogen containing gases at atmospheric pressure.  In a multi-phase structure, the relative 
affinity of the metal for the halogen will determine which phase is selectively etched and which phase is relatively 
unaffected by the presence of the halogen.  In some practical cases, this selective attack can be a hindrance to the 
formation of useful CDC layers.  For example, most WC components are cemented carbide materials containing Co 
or Ni binders.  At elevated temperatures, selective attack of the metal binder occurs more rapidly than conversion of 
WC to CDC, leading to damage of the surface before a CDC layer can form.  In the context of SiC based MEMS 
devices fabricated on Si wafer substrates, high temperature chlorine gases etch the elemental Si more rapidly than 
they convert SiC to CDC, so that it is difficult to produce CDC layers on these devices. 

As an alternative to high temperature treatment, the materials can be etched at lower temperatures in a 
reactive halogen ion plasma at reduced pressure.  Rather than reaching local equilibrium on a microscale resulting in 
selective attack of the more reactive component of the structure, the halogen radicals tend to react immediately upon 
encountering the surface and the metal halide species are removed producing a more uniform reaction front.  
Reactive ion etching has been used to produce carbon layers on multiphase carbide materials containing silicon, 
titanium, and tungsten.  The resulting carbon layers have been characterized using a variety of techniques. 
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Abstract 
Nanostructured carbons with controlled morphology (nanocarbons) are promising materials for use in a number of 
devices.  Arrays of carbon dots and vertical cylinders would be ideal for use in field-emission arrays [1], and highly 
porous nanoscale carbon materials are promising candidates for supercapacitor electrodes [2].  Recent findings have 
shown that it is possible to stabilize nanoscale thin-film morphology of phase-separated block copolymers with 
polyacrylonitrile (PAN) blocks, and to convert these materials, by pyrolysis, into carbons with well-defined 
nanostructure [3,4].  This presentation will describe the effects of further high-temperature treatment of nanocarbons 
aimed at their graphitization.  

Nanocarbon samples were obtained from PAN homopolymers or PAN-containing block copolymers which were 
assembled inside the channels of ordered nanoporous silica templates [4]. PAN was then converted to carbon via 
stabilization under air and subsequent pyrolysis under inert atmosphere at 800°C.  The resulting materials exhibited 
well defined nanoscale morphology, replicating the channels within the silica template (Figure 1) [4].  Further 
graphitization was carried out by heating in a graphite furnace (Centorr/Vacuum Industries Inc., Model HP-2058) at 
2200 °C in a 5 psi argon atmosphere for 1 hour.  Gas adsorption analysis revealed that the graphitized samples 
retained appreciable specific surface area and pore volume, whereas x-ray diffraction and preliminary TEM analysis 
provided the indications of the improved atomic scale ordering.   

 

 

 

 

 

 

 

Figure 1. TEM image of ordered nanocarbon obtained by stabilization and  800 oC pyrolysis of PAN assembled 
inside the channels of ordered nanoporous silica template.  
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Abstract 
Aligned carbon nanotubes (CNTs) were synthesized on flat graphite substrates and silicon wafers by microwave 
plasma chemical vapor deposition (MPCVD) of a gas mixture of methane and hydrogen. Nickel catalyst was not 
directly deposited on the substrates, but migrated from a small piece of catalyst supplier to the substrate surface 
during microwave plasma pretreatment. SEM and TEM were used to characterize the morphologies of the CNTs. 

INTRODUCTION 
CNTs have many potential applications due to their superior mechanical, thermal, and electrical properties. 
Currently CNT synthesis methods include arc discharge, laser ablation, and chemical vapor deposition (CVD). The 
CVD method is used for rapid synthesis of nanotubes with high purity at lower temperatures and is easy to scale up 
for commercial production. Microwave plasma chemical vapor deposition (MPCVD) has been used to synthesize 
aligned nanotubes.  These nanotubes are aligned either vertically to the substrate [1-2], or parallel to the substrate 
[3]. The alignment was affected by catalyst grain sizes, temperature, gas composition, etc. The CNTs produced in a 
batch MPCVD process was usually several tens of micrometers long with aspect ratio in the range of 300 to 1500.  
In this paper, we report the synthesis of high aspect ratio, up to 4500, and well-aligned CNTs with MPCVD method.   

EXPERIMENTAL 
The CNTs were prepared by MPCVD at a growth temperature range of 680 to 700oC, with a pressure range of 4.7-
4.9 kPa, and under the microwave power of 2.2 kW. The hydrogen flow rate was 80 sccm (Standard Cubic 
Centimeter per Minute) while the methane flow rate was 20 sccm. The growth time was 20 minutes. The silicon 
wafers were pretreated with diamond carbon. The nickel catalyst was not deposited onto the substrates or wafers, but 
migrated from a small piece of catalyst supplier onto the substrates during microwave plasma pretreatment. The 
catalyst supplier on the graphite substrate was silicon sputter deposited with a 30nm nickel layer. The detailed 
process is described in our patent application [4]. After synthesis, a piece of nanotube film was collected from the 
substrates and was examined with SEM and TEM  

PRELIMINARY RESULTS AND DISCUSSIONS 
Figure 1 shows 45° tilted SEM image of the synthesized CNTs on graphite substrate, which are 200-250 micrometer 
long and aligned vertically to the substrate surface, though slightly curly. The vertical alignment of nanotubes 
synthesized with plasma enhanced CVD was speculated to result from the electrical self-bias field generated on the 
substrate surface in plasma environment [1].  The plasma sheath may also influence the alignment of the nanotubes 
synthesized in these experiments. Figure 2 shows a typical TEM image of the CNTs.  The diameters of the 
nanotubes are in the range of 40 to 70nm.  They are not completely hollow and seem to be separated into many 
nano-compartments by curved platelets. The platelets were much thinner than the nanotube walls. Similar structures 
were observed in other studies [2, 5, 6].  The morphologies might be related with the nanotube growth mechanism.  
The nanotubes can grow from its root, and/or tip, depending on the positions of the catalyst particles.  In this study, 
nickel was detected at the top of nanotubes with Energy Dispersive x-ray Spectrometer (EDS), indicating a tip 
growth route. The most widely accepted growth model of carbon nanotubes was adapted from the catalytic synthesis 
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of carbon fibers. The hydrocarbon, first, decomposes into carbon and hydrogen at the front (exposed) face of the 
catalyst particle. Then, the carbon dissolves in the catalyst, diffuses through the particle, and precipitates at the 
trailing face to form the nanotube [7, 8]. The morphology results of the CNTs on silicon wafers are under 
characterization.  

PRELIMINARY CONCLUSIONS 
A MPCVD method can be used to synthesize CNTs on graphite substrates and silicon wafers. The nanotubes growth 
was catalyzed by nickel, which migrated onto the substrates and silicon wafers during microwave plasma 
pretreatment.  For the CNTs on graphite substrates, SEM study showed that the CNTs were aligned vertically to the 
substrate surface and were up to 250 micrometers long; TEM results showed that the nanotubes had diameters in the 
range of 40 to 70 nanometers; The nanotubes were not completely hollow and were separated into many nano-
compartments by curved platelets.  

 

Figure 1. SEM image (tilted 45º) of the CNTs grown on a graphite substrate. The Scale bar is 100 micrometers.  

  

Figure 2. TEM image of the CNTs on a graphite substrate. The scale bar is 200nm. 
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Abstract 
Self assembled foams and other structures of carbon nanotubes have recently been the center of 
interest for the scientific community1. These will be assembled as the new applications of the 
carbon nanotubes appear on the horizon. For instance, a nano-size mat of carbon nanotubes may 
prove to be an excellent stopper of high-energy particles. Carbon nanocages may have good 
application as selective filters for the proteins and other biological molecules. Self-assembled 
carbon tubes were grown onto iron electroplated copper foil substrates. The iron layers were 
treated in the plasma of ammonia (NH3) gas for 1-3 minutes in the temperature range 250 0C –
500 0C at pressure 10 torr for the formation of nano-sized iron catalyst, which became nuclei for 
subsequent growth of CNTs. Methane (CH4) and hydrogen (H2) were used as pressure gases at 
40 torr in a temperature range 700 0C-900 0C and deposition time was 3-5 minutes. The aligned 
multiwalled nanotube bundles, of very high purity, could be easily grown in our system2. For 
certain parameter window the nanotubes self assembled in the form of a rope bundles. Also the 
length of nanatubes in our case is very long with the tubes arranging to form cage like structure. 
The TEM, SEM, Raman and XRD studies on these structures will be presented.   
 

 
 
Figure1: (a) SEM (Scanning electron microscope) image of the self assemble of the carbon 
nanotubes (b) carbon nanotubes  in the form of  ropes.  
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Abstract 
The development of novel nanoparticles for imaging living cells in vivo without harming or disrupting their 

intracellular molecular dynamics is an important area of nanotechnology that intersects Materials Science, Physics, 
Chemistry, and Biology.  Nano-crystalline ultra-dispersed diamond (UDD) particles are photo stable, biocompatible, 
and can be tailored for a range of excitation and emission wavelengths.  Purification of the powder is necessary in 
order to remove the non-diamond carbon components and other impurities surrounding the nano-diamond crystals.  
The effects of UV exposure in air and of heat treatment in H2 and H atmosphere on the structure and properties of 
detonation UDD are investigated.  The variation in the powder structure and properties after the exposure at 
different temperatures for variable periods is studied by TEM, X-ray photoelectron spectroscopy, visible and UV 
Raman spectroscopy, and Fourier transform infrared spectroscopy.  The results show that it is possible to 
significantly increase the purity of the UDD powder by UV irradiation in air (Fig. 1 and Fig. 2).  The role of oxygen 
and hydrogen radicals is discussed.  A strong luminescence background is excited with the 514 nm laser line (Ar ion 
laser) during Raman spectroscopy experiments (Fig. 3). We aim to learn how to tailor the nanoparticle size, 
composition, and surface termination, particularly targeting for long-lived yellow-green-blue luminescence states, in 
preparation for subsequent in vivo studies. 
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Figure 1. Visible Raman spectroscopy of the UDD that were treated with UVO, at naked eyes we can see how the 
diamond peak growths as the time of exposure increases. Here (a) is the powder not exposed, (b) after 1 hour of 

treatment, (c) after 5 hours, (d) after 15 hours and (e) after 45 hours. 

 



 
     50 nm -----------                   20 nm ----------- 

a. Original UDD powder                    b. Purified UDD powder         

Figure 2. TEM image of diamond nanoparticles (UDD), before and after purification,                                           
showing their rounded shape and nanoscale size. 

 

 
Figure 3. Strong luminescence background excited with the 514 nm laser line (Ar ion laser) during Raman 

spectroscopy experiments of different nanocrystalline diamond powders. The luminescence becomes stronger as 
the n-D particle size decreases, as indicated by the diamond band broadening. The dips in the spectra are artifacts 
of the CCD detector employed due to the fact that three spectral regions were collected and joined. Collecting the 

data with a PMT will give a smooth broad band with the Raman peaks on top. The Si spectrum taken under 
identical conditions is shown as reference. 
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Introduction 

For boron nitride as being the isomorphic analog of carbon several polymorph phases, intermediate in density 
between graphite-like g-BN and cubic c-BN, have been discovered [1-7].Batsanov was the first who have 
synthesized a novel BN polymorph named Е(Explosion)-phase by shock compression of turbostratic t-BN [1-3] 
. Its elementary cell was proposed to be rhombohedral with the parameters а=0.72 nm, b=0.81 nm, с=1.89 nm 
[2]. Akashi have obtained a novel BN phase by multiple shock compression identifying its unit cell as face 
centered lattice with parameter а=0.8405 nm [4]. Sokolovski, Olszyna et al. have synthesized the E-phase by 
different techniques notably at normal pressure [5,6]. Wang et al. have obtained E-phase nanocrystals at g-
BN/acetone interface by pulsed laser irradiation [7].  

In this work a novel BN polymorph for a first time was obtained by supercritical fluid synthesis, the XRD 
pattern and IR spectra of which are close to E-phase. Its structure was suggested to be hyperdiamond fulborenite 
HDF-B12N12 that confirmed by XRD analysis. It is novel faujasite on base of BN. 

Results 

Synthesis was carried out on high pressure gazostat at intermediate pressure (P~200MPa) and temperature 
(Т<1000C) in different atmospheres (He, H2O, N2, Ar). At the conditions the gaze transforms in a supercritical 
fluid becoming an effective catalyst which easy penetrates in crystalline lattice due to its low viscosity. Samples 
were characterized by SEM, TEM, XRD, IR, Raman, and EPR techniques. In table 1 XRD results are presented.  

In spite of some discrepancy one can to conclude that: 1) number of lines in our samples relate to 
unconventional BN polymorph; 2) this lines are in satisfactory correlation with the lines distinguishing for E-
phase; 3) number of lines calculated for HDF-B12N12 are in good agreement with experimental ones for E-phase. 

The IR spectra of our samples in spite of some discrepancy are closed to the lines peculiar for both the E-phase, 
namely, (450, 550, 700, 800, 940, 1030, 1110, 1200, 1260, 1400, 1650 сm-1 ) [1] and the nanocrystalline BN 
(649, 699, 783, 883, 927, 1026, 1104, 1195, 1252, 2260, 3217, 3376 сm-1 ) [7] . Two common lines 927 cm-1 
(960 cm-1) and 1250 cm-1 are the most peculiar for E-phase [1,7].  

Raman and EPR spectra confirm the presence of novel phase in turn.  

To resolve unknown so far E-phase structure we have considered the number of potential sc, fcc, bcc, hcp, 
sphalerite and wurtzite lattices , named as fulborenites [8], with fulborene molecules B12N12 and B24N24 in it 
vertexes. Among them only the diamond type lattice called us as hyperdiamond fulborenite HDF-B12N12 [8] 
(fig.1) gives the satisfactory agreement between experimental (А=1.114 nm, ρ=2.5- 2.6 g/cm3) [3] and 
calculated (А=1.152 nm, ρ=2.59 g/cm3) values of lattice parameter and density under a bond length aBN=0.145 
nm.  

 



 

Table 1. Some XRD interplane distances for E-phase [3,4,5,7] in comparison with our experimental samples 
(1-4)) and suggested HDF-B12N12 structure. 

[3] [5] [7] [4] 1 2 3 4 HDF-B12N12

- - - - 8.04 8.84 12.20 10.40 10.88 

6.28 - 6.146 - 6.03 6.03 5.95 5.98 6.280 

4.85 5.03 - 4.854 5.19 - 4.58  4.864 

4.25 4.27 - 4.330 - 4.58  4.53 4.441 

3.85 3.86 3.86 - 3.95 3.90  4.14 3.846 

3.54 3.56  - 3.51 3.51 3.49 3.52 3.626 

3.04 3.20 3.189 - 3.19 3.18 3.18 3.16 3.140 

2.983 - 2.981 2.973 3.03 3.01   3.017 

2.784 2.97 - - 2.91 2.92 2.91 2.93 2.907 

2.686 2.64 2.689 - 2.72 2.70   2.719 

2.567 - 2.57 2.536 2.54 2.53 2.54  2.564 

2.430 2.41 2.428 - - -   2.432 

2.298  - - 2.29 - 2.28  2.374 

2.201 2.21 2.239 - 2.24 - 2.24 2.23 2.220 

2.076 2.04 - - 2.08 2.09 2.09 2.10 2.093 

1.955 1.99 - - 1.933 -   1.923 

1.901 - - - - 1.907 1.903 1.845 1.893 

1.769 - - - 1.752 -   1.764 

1.696 1.68 - 1.716 1.685 - 1.681  1.720 

 

 
Fig.1. Fragments of elementary cell in (100), (110), and (111) planes of hyperdiamond fulborenite HDF-
B12N12 suggested as E-phase. It is diamond type lattice with fulborene B12N12 in its vertexes copolymerized by 
hexagonal faces with alternated B-N atoms. 
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Abstract 
We show that adhesive cubic phase boron nitride (c-BN) films can be grown without the use of Ar ion 
bombardment. c-BN has several attractive properties such as extreme hardness, high thermal conductivity, and wide 
band gap (6eV). c-BN is also chemically inert to oxidation and ferrous metals. Previously, in-situ bombardment of 
massive ions (Ar+, Kr+, etc.) was considered to be necessary for the formation of c-BN films. Bombardment of 
massive ions has lead to c-BN films with poor adhesion to the substrates due to the accumulated stress. We found 
that while ion bombardment is still required for the formation of c-BN films, it can be achieved without involving 
massive ions. We have succeeded to growth adhesive c-BN films by two approaches: 1) plasma-assisted pulsed-
laser deposition (PLD) in pure N2 plasma, and 2) PLD in high vacuum (~10-5 mbar during growth). 

  

INTRODUCTION 
Cubic phase boron nitride (c-BN) films have attracted much attention due to its desirable properties such as extreme 
hardness comparable to diamond, high thermal conductivity, wide band gap (6eV) and chemically more inert than 
diamond to oxidation and ferrous metals, etc [1].  In the past decade, it was found that ion bombardment is necessary 
for growth of cubic phase boron nitride, especially with heavy ions, i.e., Ar or Kr ions [2, 3]. However, as an adverse 
effect of that, poor adhesion of cubic phase boron nitride is observed which hindered the actual application of c-BN 
films [4].  We have conducted a series of experiments in order to reduce the adverse effect of ion bombardment for 
the formation of adhesive c-BN films. It appears that adhesive c-BN films can be formed by pure N2 plasma with 
reduced ionic flux at reduced deposition rate. Furthermore, energetic BN growth species generated by pulsed-laser 
deposition (PLD) could possibly sufficient for the growth of c-BN without the assistant of auxiliary ion 
bombardment. We have tested and verified these possibilities by using a PLD technique.  
 
EXPERIMENTS 
In the first approach, c-BN films were prepared at 600 °C by RF (13.56MHz) plasma-enhanced PLD [5-7]. A fourth 
harmonics generation of Nd:YAG laser (λ = 266nm) was used for the ablation of a hot-pressed h-BN target. The RF 
power was capacitively applied on a Si (100) substrate to generate a plasma in pure N2 ambient at a pressure of 2 x 
10-2 mbar. A negative dc bias voltage was induced by this plasma on the substrate for enhancing bombardment of 
positive ions during the deposition of BN films.  
 
In the second approach, similar experimental setup was used for the growth of c-BN film in vacuum. RF plasma was 
not used in this case.  
 
RESULTS AND DISCUSSION  
In the first approach, all c-BN films were deposited within 4 h, with a constant substrate bias voltage of -500V. 
Different pulsed laser energies were applied in order to deposit BN films at different deposition rates. The BN films 
are characterized by Fourier transform infrared (FTIR) transmission spectroscopy. The IR absorption due to the 
entire BN film can be detected as shown in Fig. 1. Two absorption bands at 1390 and 780 cm−1, represents the in-
plane (B–N) and out-of-plane (B–N–B) stretching modes of the sp2-bonded BN phase. The c-BN band appeared at 
1080 cm−1 [5, 8]. c-BN films with massive ion bombardment were easily peeled off. However, c-BN films 
synthesized in pure N2 plasma is much more adhesive [5].  



 
In the second approach, all c-BN films are deposited within 6h in vacuum. Different pulsed laser energies were 
applied in order to search for an optimum deposition rates for the formation of c-BN films. By using FTIR, the IR 
absorption due to the entire BN film can be detected for samples deposited at pulsed laser energy of 2.66mJ, 4mJ, 
5mJ and 8mJ.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1. FTIR spectra of c-BN films prepared at a substrate biasing of −500V in pure N2 plasma at various pulsed 
laser energies. 
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Vacuum-arc methods of diamond-like carbon (DLC) or amorphous carbon (a-C) films deposition have gained wide 
recognition in recent decades for use in laboratory and industrial practice. The method is based on a growing of the 
films through condensation of high ionized carbon plasma flows generated by the cathodic vacuum-arc discharge 
with a cold graphite cathode. The DLC films synthesized by this method have the highest physical characteristics 
near to those of natural diamond. However, in early experiments the films comprised a great many macrodefects in 
view of the fact that in condensed plasma there were many graphite macroparticles (MP’s). The cardinal solution of 
the issue associated with MPs became possible with the advent of magnetic plasma filters. Application of this filters 
has given results that eliminated the basic restriction on the use of vacuum-arc discharge to form high quality a-C 
films [1]. Nevertheless, there are some difficulties in the vacuum-arc technological process of the DLC films 
deposition so far. The problems appear when igniting dc vacuum arc discharge and maintaining its stable arcing in 
plasma sources with graphite cathode. These difficulties are conditioned by specificity of a cathode spots (CS) 
behavior on the graphite cathode. The velocity of the CS motion through graphite is essentially (on 2-3 orders of 
magnitude) less than on metal. The averaged lifetime of CS strongly depends on the sort of graphite. As a rule it 
results in strongly non-uniform erosion of the working surface of the cathode, that in turn is the reason of 
unpredictable change of plasma stream parameters, raise of an arc exiting frequency and loss of serviceability of the 
apparatus. Efficient plasma transport through magnetic filters as well as cleaning MPs from plasma are the features 
of merit that should be improved vastly too. 

This article is a brief review of results from investigations and developments performed by the authors an coworkers 
to solve the said problems.  

It has been established experimentally, that in plasma source with so called “antostabilization” of CS, described in 
ref. [2], the uniform erosion of the graphite cathode can be ensured by appropriate selection of stabilizing magnetic 
field configuration around the cathode. At the presence of argon the arc stability vastly rises. At p≳ 1,5 mTorr the 
arc burns practically without extinctions. 

At use of graphite characterized by low arc stability, the multicathode triggering device is recommended to be used. 

The additional anode disposed around the cathode should be covered by a layer or plate of graphite. Such measure 
allows to prevent contamination of DLC condensate by metal impurities, which could be appeared from sputtered 
surface of uncovered additional anode. 

In the plasma source considered the CS is ignited in immediate vicinity of the cathode working surface. It excludes a 
delay between triggering and working stage of the arc, caused be travel of CS from triggering point to the working 
surface of the cathode. It is a fact of great importance in case of short deposition time when forming ultrathin DLC 
films (of nanometre range of thickness).  

The dependence of an arc extinction frequency on argon pressure for cathodes made from different graphite 
materials is shown in the Fig.1. It was established [3] that discharge stabilyty decreases with increasing of porocity 
and graphite crystals dimensions. The best arc discharge stability was observed when cathodes were made from 
graphites MG and MPGA with pores sizes not more than about 70 micrometres. 

The burning of an arc in plasma source considered, at presence of focusing and transporting magnetic fields is 
hindered because current transmission between the cathode and anode occurs predominantly crosswise to the 
magnetic field. Besides a high-resistive carbon layer deposits on the water-cooled walls of the anode. As the layer 
thickness increase the arc voltage rises that inevitably leads either to discharge extinction, or to breakdown of the 
layer and consequent melting of the anode wall in the place of the breakdown. To prevent such wreck situation a 
ring-shaped graphite insert inside the anode was used.  

Analysis of data on efficiency of plasma transport along magnetic filters shows that the highest results are attained 
for the systems with wide-aperture curvilinear plasma duct. The main results of experimental studies of the source 
with L- and T-shaped plasma filter can be formulated as follows. An increase in the linear dimensions of the cross 



section of the plasma duct (up to about 200 – 300 mm in the case under consideration) with a low aspect ratio R/a ≈ 
1,3 is favorable for significant improvement in the efficiency of the system (R and α are radius of curvature and 
inner radius of the duct respectively). The main losses of plasma during its travel along the duct are due to ions 
diffusion across the magnetic field. Besides, a significant part of the plasma flow drifts to the walls due to 
unhomogeneity and curvature of the magnetic field (so called gradient and centrifugal drifts). The drift losses can be 
appreciably reduced by local correction of the magnetic fields using correcting coils (Fig. 2) [5]. The losses 
decreased with rise in the positive bias potential of the plasma duct (up to 25-35 volt). The problem of MPs 
suppression in the filter was solved using appreciable set of intercepting screens and baffles. Selection of the 
intercepting elements was performed by resorting to computation of MPs motion [6].  

The achievements in development of the system with axial-to-radial transformation of two plasma flows are noted. 
The index of plasma transport efficiency for this system makes up to 90% [7]. This results can be used for 
development of a new generation of high-efficient filtered vacuum-arc plasma sources. 

0

20

40

60

80

100

0 1 2 3 4

8

1 

2

3

4 

5 

6 

7 

Ex
tin

ct
io

n 
Fr

eq
ue

nc
y 

(h
-1

) 

Pressure (Torr) 

Figure1. Dependence of an arc discharge frequency extinction on Ar pressure for cathodes manufactured from 
different sorts of graphite: GIP (1), EG–0 (2),  GSP (3), GIP (4), MPGA (5), MG (6), impregnated by pyrocarbon 
(7). 

 
Figure 2. Arrangement of the correcting coils S,B,F1, and F2 around T-shaped plasma duct. H - transporting 
magnetic field; HS, HB, HF1, and HF2 - magnetic fields created by coils S, B, F1, and F2, respectively. 
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Abstract 
      
      In 1989, Liu and Cohen1 presented firstly theoretical calculation for C3N4, a new hypothetical material and 
suggested that it should be metastable and possesses extreme hardness, wide band gape, high velocity of sound, 
large thermal conductivity, low dielectric constant, and low friction coefficient. They also predicted its outstanding 
mechanical properties. Graphite like carbon nitride composed of only sp2 hybrids has recently attracted much 
attention. However, there have been few works so far which show the synthesis of graphite-like carbon nitride. In 
this paper, we report on the synthesis of graphite-like CNx by micro-wave plasma enhanced chemical vapor 
deposition (CVD) method. 1 H-1,2,3-triazole + N2 and Si (100) were used as precursor and substrate, respectively. 
The details of the experimental procedures are described elsewhere2. Substrate temperature during the deposition 
was recorded to be 850 °C. The deposited films were characterized with respect to crystal structure and states of 
chemical bonding by x-ray diffraction (XRD) and x-ray photo-electron spectroscopy (XPS) analyses, respectively. 
XRD observation (Figure 1) strongly suggests that the films consist of graphitic (Gr.) C3N4 (002), (200) and (004) 
with small contribution of Gr. carbon (101)3. Narrow scans of C(1s) and N(1s) photoelectron peaks are depicted in 
Figure 2(a) and 2(b), respectively. Four deconvoluted peaks of C(1s) (Fig. 2(a)) at 284.8 (peak 1), 285.8 (peak 2), 
286.8 (peak 3), and 288.3 eV (peak 4) are attributed to adventitious carbon, sp2C-N, sp3C-N, and C-O bonding 
structures, respectively2. On the other hand, five deconvoluted peaks of N(1s) (Fig. 2(b)) at 397.9 (peak 1), 398.9 
(peak 2), 399.8 (peak 3), 400.5 (peak 4), and 402.0 eV (peak 5) are attributed to N (1s)-Si, N-sp3C, N-sp2C, N-N and 
N-C bond in a variable stoichiometry, and N-O bonding structures, respectively2. CNx with sp2 hybrid structure is 
dominant in the deposited films which are shown in Figs. 2(a) and 2(b). These observations support that 1 H-1,2,3-
triazole favors the formation of graphite-like CNx films and thus is in good agreement with XRD results. We do 
propose that 1 H-1,2,3-triazole can be used as an important promising precursor for CVD to deposit graphite-like 
CNx films. 
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Figure 1 XRD spectra of CNx films deposited on Si (100). 
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Figure 2 XPS scans of (a) C (1s) and (b) N (1s) for the CNx films deposited from 1 H-1,2,3-triazole+N2 on Si 
(100). 
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Abstract 
We have studied the effects of annealing temperature (AT) on the properties of amorphous carbon nitride (a-CNx) 
thin films grown at room temperature (RT) on quartz substrates by surface wave microwave plasma chemical vapor 
deposition (SWMP-CVD) using camphor alcohol gas as carbon plasma sources. The thickness, optical, bonding, 
structural and electrical properties of the as-grown (RT) and heat-treated in range from 100 to 500 oC of a-CNx films 
were measured and compared. The film thickness is decreased rapidly with increasing AT above 350 oC. The wide 
range of optical absorption coefficient characteristics is observed depending on the AT. The optical band gap of as-
grown a-CNx films is found to be approximately 2.8 eV, after which it gradually decreased down to 2.5 eV for the 
films heat-treated at 300 oC and beyond that it decreased rapidly down to 0.9 eV at 500 ºC of AT. Visible-Raman 
Spectroscopy (Raman) has revealed the amorphous structure of as-grown a-CNx films and, the growth of 
nanocrystallinity of a-CNx films upon increase of AT. Raman and Fourier transform infrared spectroscopy (FTIR) 
analyses respectively shown the structural and composition of the films can be tuned by optimizing the AT. The 
change of optical, bonding, structural and electrical properties of SWMP-CVD grown a-C:N films with higher AT 
was attributed due to the fundamental changes in the bonding and band structure of the a-C:N films. All of the 
measurements were carried out using standard measurement techniques. 

RESULTS AND DISCUSSIONS 
Figure 1 displays the evolution of the RS in the range 1000 to 1800 cm-1 of as-grown and heat-treated a-

CNx films. The shape and position of the spectra are almost unchanged up to 150 oC, after which it gradually grows 
splitter in to sub band with higher AT. The G peak shifts to higher wave number and become narrower with increase 
of AT higher than 300 oC. The experimental data were best fitted with the accuracy factor is about 0.95 by two 
peaks considering 2 Gaussian line shapes into two Raman bands of D and G peaks, and the linear background and 
the plot of this kind of RS for the as-grown and heat-treated a-CNx films. It is clear that the broad band resulted from 
the a-C:N film (grown at 25 oC) gradually splitted into two peaks (commonly known as D and G peaks) with the 
increase of AT, may be due to the progressive crystallization upon increase of AT. The RS shows a similar trend to 
those observed by Dillon et al. [1] and Mominuzzaman et al. [2] in their heat treatment experimental of C films. This 
indicates that these films consisted of a disordered graphite matrix with some sp3- hybridized C states [3]. 

The electrical resistivity (ρ) was measured at room temperature (RT) by a 4-point probe resistance 
measurement method, the usual way for high resistance measurement. The ρ values for each film were the average 
of measurements made at different positions on the film surface. Figure 2 shows the ρ values of as-grown a-C:N 
film measured to be around 7.5 x 105 (Ω-cm) gradually decreases with higher AT to 6.1 x 105 (Ω-cm) at 100 oC. As 
AT increases, theρ decreases up to 3.5 x 105 (Ω-cm) at 200 oC. At higher AT, as can be seen in figure 6 and figure 
10, both of the Eg andρare gradually decreases up to 2.3 eV and 2.3 x 105 (Ω-cm) at 300 oC, respectively. The 
variation of the optical and electrical properties can be related to interstitial doping of N in a-C films through 
modifications of C-N bonding configurations by rearranging of N atoms upon increase of AT. However with further 



increase of AT above 300 oC, both Eg andρare drastically decreases up to 0.9 eV and 1.5 x 104 (Ω-cm) at 500 oC, 
respectively. This is probably due to the graphitization of the a-C:N films. Perhaps the doping of N accompanied by 
increase of AT above 300 oC increases crystallinity and subsitutional doping of N thereby sharply decreases 
resistivity. These phenomena also supported by the Raman and FTIR spectroscopy measurements. 

Details of the experimental results and discussions will be presented during the conference presentation. 

Conclusions 
We have grown nitrogenated amorphous carbon (a-CNx) films by surface wave microwave plasma 

chemical vapor deposition (SWMP-CVD) method and the effects of annealing temperature (AT) in range from 100 
to 500 oC has been studied in details. The thickness, optical, structural and bonding properties of the as-grown and 
heat-treated a-CNx films were measured and compared. The film thickness is decreased rapidly with increasing AT 
above 300 oC. The optical band gap of the as-grown a-CNx films was found to be approximately 2.8 eV, remained 
almost constant until 300 oC, and beyond that it decreased monotonically up to 0.9 eV at 500 oC. Visible-Raman 
scattering analyses revealed the amorphous structure of as-grown a-CNx films and, the growth of nanocrystallinity 
of a-CNx films upon increase of AT. We found that, both the sp2 and sp3- hybridized C atoms can be bound to the N 
atoms in the a-CNx films. The FTIR spectroscopy measurements also have shown that the structural and 
composition of the films can be tuned by optimizing the AT. The change of bonding, structural, optical and 
electrical properties of SWMP-CVD grown a-CNx films with higher AT was attributed due to the fundamental 
changes in the bonding and band structure of the films. The result shows it is possible to control the bonding, 
structural, optical band gap and electrical properties of SWMP-CVD grown a-C:N films by the annealing process for 
its possible application in various electronic devices. 
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Figure 1: The Raman spectra of as-grown and a-C:N
films heat-treated at various temperatures, and their
images of deconvolution of Raman D and G peaks
using 2 peaks of Gaussian lines. (Substrate: Quartz).

Figure 2: The variation of electrical resistivity
of as-grown (25 oC) a-C:N film, and a-C:N
films anneal-treated at various temperatures.
(Substrate: Quartz). 
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Abstract 

In recent years, copper circuitry has been replacing aluminum wires and tungsten via as the 
dominant interconnections. The polishing of copper circuitry requires using highly acidic 
solution (e.g. pH = 4) and with strong oxidizing agent (e.g. hydrogen peroxide). In order to 
withstand the corrosive reactions, the bonding metal of the CMP pad conditioners must be 
corrosion resistant.  Otherwise, it will be dissolved in the acidic slurry that may contaminate the 
delicate circuitry. Ideally, the diamond pad conditioner is best shielded from contacting with the 
acidic slurry. The chemical shield must be made of a hard substance so it can withstand the 
polishing action of the slurry. In addition, this hard substance ought to be highly inert so it will 
not react with the chemicals in the slurry. 

The best chemical shield is diamond-like carbon (DLC) and the second best is ceramic 
coating. Kinik Company pioneered diamond pad conditioners protected by DLC barrier 
(DiaShield® Coating) back in 1999 (Sung & Lin, US Patent 6,368,198)[1] and there has been no 
follower since then.  Kinik's offered two varieties of DiaShield® Coatings: ultrahard amorphous 
diamond and superhard hydrogenated DLC. Recently, Kink also evaluated Cermet Composite 
Coating (CCC or C3, patent pending).  C3 is unique that the coating composition grades from a 
metallic (e.g. stainless steel) under layer to a ceramic (e.g. Al2O3 or SiC) exterior.  The metallic 
under layer can form metallurgical bond with metallic matrix on the diamond pad conditioner. 
The ceramic exterior is both wear and corrosion resistant. The gradational design of C3 coating 
will assure its strong adherence to the substrate because there is no weak boundary between 
coating and substrate. 

By dipping diamond pad conditioners of various designs in acidic solution (e.g. copper 
cleaning solution) for extended period of time (e.g. 50 hours) the chemical inertness of various 
matrix materials are determined with the decreasing ranking as: hydrogenated DLC > C3 coating 
> amorphous diamond > sintered nichrome > brazed alloy > electroplated nickel. 
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Abstract 
Diamond is one of the most recent carbon allotropes to find utility in electrochemical analysis. Boron-doped 
polycrystalline diamond planar electrodes synthesized by chemical vapor deposition (CVD) methods exhibit many 
properties of an excellent electrode such as low non-Faradaic current over a wide working potential window, 
quasireversible to reversible kinetics and large signal-to-background ratio for several redox system without need for 
surface pretreatment, excellent morphological and structural stability at extreme potentials and current densities, and 
long-term stability [1]. In addition, its resistance to surface fouling and chemical inertness also make it well suited 
for application in harsh environments and in vivo conditions.  

The electrochemical behavior of the diamond electrode is governed by its physicochemical properties, which in turn 
is largely influenced by the CVD deposition process. Variation of deposition parameters and types of plasma used 
can be manipulated to affect the morphology of the diamond crystallites and thus cause a modification of the surface 
chemistry which will determine the course of application. This work reports on the effects of grain size reduction on 
the electroanalytical performance of conductive diamond electrode deposited in CH4/H2 gas mixture. Grain size 
reduction was achieved by decreasing the CH4 flow rate while keeping other fabrication parameters constant. The 
diamond deposition was performed at microwave power 5 kW, temperature 800º C, pressure 120 torr, H2 flow rate 
478 sccm, and varying CH4 flow rate 15, 10, 5 and 1 sccm. Boron doping was achieved using a p-type gaseous 
dopant; trimethylboron (TMB) = 20 sccm. Diamond deposition duration was two hours. 

Figure 1 (a) shows the SEM micrographs of diamond electrodes deposited using 15, 10, 5 and 1 sccm CH4. 
Diamond crystallites transitioned from microcrystalline to nanocrystalline when CH4 flow rates were decreased. 
Nanocrystallinity of diamond electrode was achieved at CH4 = 1 sccm as supported by Raman spectroscopy. Figure 
1 (b) shows the Raman spectra of the four diamond electrodes. As CH4 flow rate was decreased, the diamond peak 
at 1332 cm-1 broadened due to reduction in grain size and increase in defects [2]. The peak intensity at ~1615 cm-1 
results from graphitic sp2 bonds at the grain boundary [2]. As microcrystalline diamond (MCD) transitioned into 
nanocrystalline diamond (NCD), the fraction of grain boundary increased thus causing the ratio of I1332/I1615 to fall. 
At CH4 = 1 sccm, the diamond peak was less resolved. Additional peaks were also observed and two of importance 
are the shoulders at ~1160 cm-1 and ~1450 cm-1 which were characteristic of NCD [3].  

Figure 2 (a)(i) shows the cyclic voltammograms for the redox reaction of 1 mM Fe(CN)6
4- in 0.1 M KNO3 at a scan 

rate of 10 mV/s for the four electrodes. A plot of oxidation peak current, ip,ox vs. square root of scan rate, ν1/2 is 
linear (not shown), indicative of linear diffusion-controlled process. Table 1 shows that the diamond electrodes 
displayed higher resistance (R), lower oxidation peak current (ip,ox) and larger peak separation (∆Ep) for oxidation of 
ferrocyanide, Fe(CN)6

4- with decreasing grain size. The electroanalytical performance of the diamond electrode for 
this redox species deteriorated with decreasing grain size. This shows that the properties of NCD electrodes 
fabricated in this manner does not support redox reaction of ferrocyanide. However, as the NCD electrode has 
different surface chemistry from that of MCD, it may find utility in sensing other analytes whose electrochemical 
reaction is usually not favored on MCD. Figure 2 (b) shows the cyclic voltammogram for 1 mM dopamine (DA) in 
PBS buffer, pH = 7.2 at a scan rate of 100 mV/s using an independent high-quality, hydrogen-terminated MCD 
electrode. As expected, it’s redox reaction at the MCD electrode is very sluggish with ∆Ep = 350 mV while the 
kinetics of Fe(CN)6

4- at the same electrode was reversible with ∆Ep ~ 60 mV (figure 2 (a)(ii)). Detailed comparison 
of the electroanalytical performance of the four electrodes for sensing of DA will also be presented. 
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Table 1.  Effect of methane flow rate on grain 
size, film resistance, oxidation peak current, ip,ox

and peak separation, ∆Ep. 
igure 1. (a):  SEM micrograph of diamond electrodes deposited at various CH4 flow rate: (i) 15 sccm,
ii) 10 sccm, (iii) 5 sccm, and (iv) 1 sccm. TMB = 20 sccm, H2 = 478 sccm, microwave power = 5 kW,
ressure = 120 torr, temperature = 800 °C; (b) Raman spectra of diamond electrodes deposited with
arious CH4 flow rate. 
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 Due to growing environmental concerns, nitroaromatic compounds have been targeted 
for monitoring because of their inherent biological toxicity. There is significant motivation for 
the development of rapid, stable, inexpensive and robust sample analysis protocols for this class 
of analytes in both the military and civilian sectors. The use of capillary electrophoresis (CE) 
systems coupled with electrochemical detection provides many attractive features toward 
achieving the above goal. The electrochemical reduction mechanism of the nitro group on these 
compounds has been described by Rubinstein.1 Boron-doped diamond electrodes have been 
shown to offer robust electrochemical properties with respect to the fouling associated with 
electrochemical organic reactions2,3 and provide an obvious choice for the present task at hand. 
Our long-term goal is to develop a microchip separation method for these contaminants that uses 
diamond electrodes and amperometric detection. 

One complication for the analysis of nitroaromatics, such as nitrotoluenes, is the absence 
of a formal net charge. Therefore, separation of nitrotoluenes cannot be achieved through 
capillary zone electrophoresis (CZE) and requires the use of micellar electrokinetic capillary 
chromatography (MEKC). It has been shown that micelles can have a profound influence the 
reduction mechanism, specifically for the hanging mercury drop electrode.4 Thus, a study of the 
electrode response for nitrotoluene in the presence of micelles is of great importance in order to 
achieve optimum signal-to-noise for such systems.  

In this contribution, the electrochemical reduction of 2,4-dinitrotoluene (DNT) at 
microcrystalline boron-doped diamond will be reported on. The electrode response was 
evaluated in the presence and absence of micelles. It was found that the micelles had a 
significant influence on the oxygen reduction reaction at the boron-doped diamond electrode. 
Oxygen reduction is problematic in microchip separations as it leads to large background 
currents at the detection electrode. Figure 1 is 10 consecutive cyclic voltammetric scans in 25 
ppm DNT in 15mM borate buffer and 15mM sodium dodecyl sulfate (SDS) at pH of 9.2. Current 
attenuation is observed with the increasing scan number. The sites labeled 1, 2 and 3 refer to the 
2e- reduction of the nitroso to the hydroxylamine, the 4e- reduction of the nitro to the 
hydroxylamine and the 2e- oxidation of the hydroxylamine to the nitroso analogs respectively.  
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Abstract 
On-board the International Space Station (ISS), potable water is used for drinking, food preparation, and 

hygiene.  There are several potential sources of contamination, both organic as well as inorganic, that are potentially 

toxic to the crew.  Several heavy metal ion contaminants have been recently detected in the ISS water (e.g. Ag(I), 

Pb(II), and Cd(II))1. The latter two were found at concentrations much higher than the EPA action levels.  On-board 

monitoring of these contaminants is essential for crew health and safety. However, there is currently no system used 

for on-board water quality monitoring (organic and/or inorganic contaminants). 

Electrochemical methods are attractive for use in environmental monitoring in space as they are versatile, 

energy efficient, easy to be automated, environmentally compatible, and cost effective.  Traditionally, anodic 

stripping voltammetry (ASV) with a Hg electrode has been employed for trace metal ion analysis.  Alternate 

electrodes, however, are being investigated because of the stability, toxicity, and volatility of Hg.  Boron-doped 

diamond electrode has many advantageous properties, such as a wide working potential window, a low background 

current, and a reusable surface, that make it well suited as an alternative to Hg.  Our group has shown that boron-

doped diamond is a viable alternate electrode and can be used successfully for terrestrial ASV analysis of heavy 

metals found in water, sludge, and soil samples.2   

Specifications for water quality monitoring on-board ISS will require additional modifications and 

optimization to the current assay.  In this presentation, the effect of solution pH, dissolved oxygen, and salt content 

on the diamond electrode response (e.g., Ag(I), Cu(II), Pb(II), Cd(II) and Zn(II))will be presented.  The results for 

diamond will be compared with the results for the state-of-the-art electrode, Hg.  
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Abstract 
The conventional support material for fuel cell electrocatalysts is high area carbon black.  This material can undergo 
slow oxidation at the potentials existing at a fuel cell oxygen cathode [0.7–0.9 V vs. reversible hydrogen electrode 
(RHE)].  Conductive diamond in a high area form might be an attractive substitute for carbon black.  Preliminary 
characterization and electrochemical results will be presented. 

 

INTRODUCTION 
As fuel cell technology matures and approaches the point at which it will see widespread implementation, 

there is a continuing need to to make improvements in the characteristics of the electrodes, particularly, the 
electrocatalytic activity and lifetime.  One of the major problems with the fuel cell oxygen cathode is that the 
conventional electrocatalyst support material is carbon black, which can undergo slow oxidation at the potentials 
that typically exist at this electrode (0.7–0.9 V vs. RHE).  At the fuel cell anode, whether hydrogen or methanol, the 
potentials are much lower, and there is significantly less oxidation of the support, but even in this case, the potential 
under heavy load or short circuit conditions could accelerate the oxidation process.  In addition, there is the 
possibility that the catalyst nanoparticles could have mobility on the carbon surface and slowly agglomerate, 
particularly at elevated temperatures. 

Conductive diamond, typically boron-doped, has been used recently extensively for electrochemical 
measurements due to its wide potential operating range.  It is intriguing to consider diamond as a replacement for 
carbon black in the fuel cell.  Diamond is usually considered to be prohibitively expensive, but detonation diamond 
nanoparticles are relatively low in cost.  These nanoparticles have been shown theoretically to have a preferred size 
range of 2-5 nm due to the special stability of the bare (non-hydrogenated) surface in this size range (1). 

We are in the process of characterizing a series of diamond powders, including several detonation samples, 
from various sources.  The techniques being used include x-ray diffraction, x-ray photoelectron spectroscopy, 
Raman, Fourier transform infrared spectroscopy, transmission electron microscopy and electron energy loss 
spectroscopy.  We are also studying methods for introducing dopants into these particles, as well as methods for 
modifying their surface chemistry as a means of attaching metallic nanoparticles more firmly, so that they will not 
tend to agglomerate.  The diamond surface, particularly for the nanodiamond particles, is eminently suited for 
surface modification, because the surfaces appear to be extremely well-defined. 

 

RESULTS AND DISCUSSION 
We have examined thus far a total of four diamond powders, two of which are detonation samples, one 

from Russia and the other from the Ukraine (Alit).  The others, from Alfa-Aesar and from China, consist of larger 
particles, on the order of hundreds of nanometers and micrometers, respectively. The problems we are addressing 
include how to purify the nanodiamonds and how to prevent their agglomeration.  The purified sample received 
from Alit is relatively pure, according to the measurements we have carried out, including TEM (Fig. 1).  This 
shows that the particles have predominantly the shape predicted theoretically, i.e., a truncated triangular (nearly 
hexagonal) shape in a two-dimensional projection, which would be expected if the view were from a vector 
perpendicular to the (111) plane.  There are also some cubic particles, which would be expected if (100) planes were 
exposed only.  Now that we are confident that the nanoparticles appear to be rather perfect single crystals, we can 
proceed to employ the techniques that have been developed in previous work at the University of Tokyo (2), as well 
as techniques that have been developed by a number of other groups to functionalize diamond surfaces.   



 
Figure 1.  TEM image of the detonation nanodiamond sample from Alit (as-received, high purity), taken on a Zeiss 
200 kV microscope.  The scale bar is 20 nm.   
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Figure 2.  FTIR spectrum for the Alit nanodiamond sample, showing the presence of carbonyl groups (ca. 1700 
cm-1), which are expected for the oxidized (100) surface. 
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BENTONITE CARBON COMPOSITE POLYVINYL-COATED WIRE 
ELECTRODE FOR LEAD DETECTION AS AN ENVIRONMENTAL 

SENSOR 
Anahita Izadyar  

Chemistry Department, Shiraz University, Faculty of  Science ,Hafezieh Shiraz. 71454,Iran 

Keywords:C-PVC,CWE,bentonite lead  ,wastewater 

Abstract 
The composite carbon –polyvinyl chloride (C-PVC) with bentonite (natural zeolite) as an ionophore in 
a selective and sensitive coated wire electrode (CWE) for lead determination by potentiometric method 
is demonstrated. The sensor shows a good Nernstian slope of 29.42 ± 0.5 mV per decade in wide linear 
range concentration from 1.0 × 10 -7 to 1.0× 10 -3 M for Pb(NO3)2.The detection limit of this electrode 
5.0 × 10 -8 M of  Pb(NO3)2 , and was found to be very selective, and usable in pH range of 3.0 – 
6.7.Selectivity was obtained over 19 various metal ions. The electrode is reproducible and stable for a 
period of three months. The proposed electrode has been used as an indicator electrode in 
potentiometric titration with EDTA .This kind of CWE was successfully applied in determination of 
lead in industrial wastewater and river’s water as real sample. 
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DIAMOND NANOWIRES GROWN INSIDE CARBON NANOTUBES UPON 
CHEMICAL VAPOR DEPOSITION: THERMODYNAMIC AND KINETIC 

APPROACH 
C. X. Wang, P. Liu, H. Cui, G. W. Yang  

 State key laboratory of optoelectronic materials and technologies, School of Physics Science & Engineering, 
Zhongshan University, Guangzhou 510275, P. R. China 

Keywords: diamond nanowire, thermodynamics, kinetics, nucleation, growth 

Abstract 
One-dimensional nanostructures such as wires, rods, belts, and tubes have become the focus of intensive 

research owing to their unique applications in mesoscopis physics and fabrication of nanoscale devices. Due to 
several unique properties including extreme high hardness, very high thermal conductivity, large band gap, and 
chemical inertness, etc., diamonds are expected to be an important semiconductor material for high-temperature and 
high-power microelectronics device, and UV-light emitting optoelectronics. Very recently, one-dimensional 
nanostructures of diamond have received increasing interesting in theoretical. For example, due to stronger than 
fullerene nanotubes, diamond nanorods are expected to be an important and viable target structure for synthesis. 
Barnar“s studies indicate that the energy band gap of diamond nanowires (DNWs) is significantly reduced, due to 
the contributions from occupied and unoccupied surface states. However, up to date, any successful syntheses of 
diamond nanowires have not been found in the literature yet, to our best knowledge. On the other hand, carbon 
nanotubes (CNTs) have many potential applications as molecular sieves, membranes, and ”nanopipes„ for precise 
delivery of gases or liquid. Furthermore, some studies focused their attentions on transport, adsorbed, and condensed 
phases of gases inside CNTs. Especially, the transport rates of CH4 and H2 gases in CNTs were suggested to be 
exceptionally high. Interestingly, CH4 and H2 gases are just two typical reactive gases that are employed to deposit 
diamond films upon chemical vapor deposition (CVD). These studies mentioned above naturally imply that CNTs 
could be expected to be a possible path to fabricate DNWs by CVD. In this study, we propose a nano-scaled 
thermodynamic nucleation and growth kinetic approach in theoretical, with respect to the effect of nanosize-induced 
surface tension, for the formation of DNWs inside CNTs upon CVD. Thermodynamic analyses show that the 
diamond nucleation inside a CNT would be preferable to that on the flat surface of silicon substrate due to the effect 
of surface tension induced by the nanosize curvature of CNTs. Meanwhile, the capillary effect of the nanosize 
curvature of diamond nuclei could drive the metastable phase region of diamond nucleation into a new stable phase 
region in the carbon thermodynamic equilibrium phase diagram. Kinetic analyses indicate that the growing rate of 
DNWs would go to much high once nuclei formed inside CNTs, due to the same nanosize-induced effect. 
Eventually, we predict that CNTs could be an effective route to grow DNWs by CVD. 



THERMODYNAMICAL PREDICTIONS OF NANODIAMONDS SYNTHESIZED 
BY PULSED LASER ABLATION IN LIQUID 

P. Liu, C. X. Wang, H. Cui, G. W. Yang  

 State key laboratory of optoelectronic materials and technologies, School of Physics Science & Engineering, 
Zhongshan University, Guangzhou 510275, P. R. China 

Keywords: nanodiamond, thermodynamics, nucleation, Gibbs free energy, stability 

Abstract 
3-5 nm ultrananocrystalline diamonds have emerged as potentially revolution materials for various applications. 

As with all nanomaterials, the nanodiamond synthesis has a large impact on the usefulness of these materials. For 
instance, control of the size of nanodiamonds and a high transition probability from graphite to diamond has been 
pursued in nanodiamonds syntheses both theoretically and experimentally in recent years. Recently, a novel method 
of pulsed- laser ablation in liquid, so-called pulsed-laser induced liquid-solid interfacial reaction (PLIIR), has been 
intensively studied aimed at the synthesis of the metastable nanocrystals. By using PLIIR, a series of nanocrystals 
including diamond with cubic and hexagonal structure, cubic C3N4, and boron nitride with cubic and other 
metastable structures were prepared. More recently, PLIIR was extended to synthesize metastable one-dimensional 
nanostructures and ultrananocrystals. Accordingly, PLIIR is expected to be advantageous in the preparation of 
metastable nanocrystals that prefer a state of high pressure and high temperature. More importantly, PLIIR is a 
relatively new laser-based material processing method, and the mechanisms involved in the nucleation and phase 
transition of nanocrystals upon PLIIR are not well understood. It is therefore important to provide theoretical tools 
to investigate the physical and chemical phenomena involved in this processing method. Based on the 
nanothermodynamical approach, we performed the thermodynamical predictions of nanodiamonds synthesized by 
pulsed laser ablation in liquid. The nanothermodynamical analyses showed that the formation of nanodiamonds with 
sizes of 3-5 nm would be preferable to that of large nanodiamonds in the pressure-temperature region of 10-15 GPa 
and 4000-5000 K created by pulsed laser ablation of a graphite target in water in the carbon phase diagram. 
Meanwhile, the probabilities of the phase transition from graphite to diamond are calculated to be rather high, up to 
10-3-10-2 in the same pressure-temperature region. These theoretical results indicated that pulsed laser ablation in 
liquid is expected to be an effective industrial route to synthesize ultrananocrystalline diamonds. 
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